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SOLID ELECTROLYTE CELL AND POSITIVE
ELECTRODE ACTIVE MATERIAL

CROSS REFERENCES TO RELATED
APPLICATIONS

The present application is a national stage of International
Application No. PCT/IP2011/078502 filed on Dec. 2, 2011
and claims priority to Japanese Patent Application No. 2010-
269090 filed on Dec. 2, 2010, Application No. 2011-109923
filed on May 16, 2011, and Application No. 2011-263611
filed on Dec. 1, 2011, the disclosure of which is incorporated
herein by reference.

BACKGROUND

The present technology relates to a solid electrolyte cell
and positive electrode active material. The present technol-
ogy relates more specifically to a solid electrolyte cell includ-
ing a solid electrolyte that contains no organic electrolyte
solutions, and to a positive electrode active material used for
the same.

Lithium-ion secondary cells utilizing doping and dedoping
of lithium ions have been widely used in portable electronic
apparatus and the like, because of their excellent energy den-
sity. Among such lithium-ion secondary cells, energetic
research and development efforts have been under way on
totally-solid lithium-ion secondary cells using, as an electro-
lyte, a solid electrolyte that contains no organic electrolyte
solutions, from the viewpoint of safety and reliability.

As one form of the totally-solid lithium-ion secondary
cells, thin-film lithium secondary cells have been under vig-
orous development. The thin-film lithium secondary cell is a
secondary cell in which a current collector, active material
and electrolyte, which make up the cell, are formed by thin
films. Each thin film which makes up the thin-film lithium
secondary cellis formed by using a film forming method such
as sputtering and vapor deposition (e.g., see Non-Patent
Document 1).

In a thin-film lithium secondary cell, an amorphous mate-
rial such as LiPON which is obtained by subjecting L.i,PO, to
substitution by nitrogen and LiBON which is obtained by
subjecting i, B,O; to substitution by nitrogen is used as a
solid electrolyte. The ionic conductivity of these amorphous
materials is about 10~® S/cm which is significantly lower than
that of typical liquid electrolytes of 10~ S/cm. In the thin-film
lithium secondary cell, the film thickness of the solid electro-
lyte is small (e.g., about 1 um), and the distance traveled by Li
is short. Therefore, the solid electrolyte made of the above
amorphous material having a low ionic conductivity can show
almost the same performance as liquid electrolytes.

On the other hand, in the thin-film lithium secondary cell,
apositive electrode active material is one that limits the rate of
the electrical conduction. It is typical to use, as this positive
electrode active material, a lithium transition-metal oxide
such as LiCoO,, LiMn,0, and LiFePO,, as in a liquid-based
lithium-ion secondary cell. Further, in addition to these, new
lithium transition-metal oxides for use as the positive elec-
trode active material have been proposed. For example,
Patent Document 1 proposes a crystalline LiCu, , PO, as the
lithium transition-metal oxide to be used as the positive elec-
trode active material. These lithium transition-metal oxides
(hereinafter referred to as “above-described lithium transi-
tion-metal oxides”) are materials which are low in ionic con-
ductivity and electron conductivity.

In a thin-film lithium secondary cell, the thickness of the
positive electrode active material layer is proportional to the
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cell capacity, so it is desirable to be as thick as possible in
order to achieve a high capacity. However, in the thin-film
lithium secondary cell, if the positive electrode active mate-
rial layer made of a material low in ionic conductivity and
electron conductivity is made thicker (e.g., 10 um or more), it
results in a very high internal impedance.

Therefore, it is difficult to commercialize a high-capacity
thin-film lithium secondary cell having a thicker positive
electrode active material layer, using the above-described
lithium transition-metal oxides low in ionic conductivity and
electron conductivity.

Besides, the above-described lithium transition-metal
oxides are commonly used in a crystalline phase. Therefore,
in a thin-film lithium secondary cell, in forming films of the
above-described lithium transition-metal oxides, a crystalline
phase is formed by such as heating of the substrate during the
film formation, and post-annealing after the film formation.

CITATION LIST
Non-Patent Document

Non-Patent Document 1: Thin-Film lithium and lithium-ion
batteries, J. B. Bates et al.: Solid State Ionics, 135, 33
(2000)

Patent Document

Patent Document 1: Japanese Patent Publication No.
3965657

SUMMARY
Problem to be Solved by the Invention

However, in a thin-film lithium secondary cell, in cases of
performing the heating of the substrate or the post-annealing
after the film formation, it is necessary to use a heat-resistant
glass, which is expensive, as the substrate, and thus it results
in high manufacturing cost. Further, in the thin-film lithium
secondary cell, since the materials such as LiPON and
LiBON that are used as the solid electrolyte are those which
function in an amorphous state, when these materials are
annealed, it would lead to degradation of characteristics.

It is thus desirable that the positive electrode active mate-
rial include a material which may function without being
annealed as well, but as lithium transition-metal oxides such
as LiCo0,, LiMn,0, and LiFePO, are highly non-crystalline
if not annealed, their characteristics as the positive electrode
active material are poor. That is, since lithium transition-
metal oxides such as LiCoO,, LiMn,0O, and LiFePO,, if not
annealed, have ionic conductivity lower than that of a solid
electrolyte such as LiPON,; their characteristics as the positive
electrode active material are poor.

Accordingly, an object of the present technology is to pro-
vide a solid electrolyte cell using a positive electrode active
material which functions as such and has a high ionic con-
ductivity in an amorphous state, and a positive electrode
active material which has a high ionic conductivity in an
amorphous state.

Means for Solving the Problem

In order to solve the problems described above, a first
technology is a solid electrolyte cell, including a positive
electrode active material and a solid electrolyte. The positive
electrode active material includes an amorphous-state lithium
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phosphate compound containing Li; P; an element M1
selected from Ni, Co, Mn, Au, Ag and Pd; and O.

A second technology is a positive electrode active material
including a lithium phosphate compound containing Li; P; an
element M1 selected from Ni, Co, Mn, Au, Ag, and Pd; and O.
The lithium phosphate compound is in an amorphous state.

A third technology is a solid electrolyte cell, including a
positive electrode active material and a solid electrolyte. The
positive electrode active material includes an amorphous-
state lithium phosphate compound containing Li; P; an ele-
ment M1' selected from Ni, Co, Mn, Au, Ag, Pd and Cu; at
least one additive element M3 selected from B, Mg, Al Si, Ti,
V, Cr, Fe, Zn, Ga, Ge, Nb, Mo, In, Sn, Sb, Te, W, Os, Bi, Gd,
Tb, Dy, Hf, Ta and Zr; and O.

A fourth technology is a positive electrode active material
including a lithium phosphate compound containing Li; P; an
element M1’ selected from Ni, Co, Mn, Au, Ag, Pd and Cu; at
least one additive element M3 selected from B, Mg, Al Si, Ti,
V, Cr, Fe, Zn, Ga, Ge, Nb, Mo, In, Sn, Sb, Te, W, Os, Bi, Gd,
Tb, Dy, Hf, Ta and Zr; and O. The lithium phosphate com-
pound is in an amorphous state.

A fitth technology is a solid electrolyte cell, including a
positive electrode active material and a solid electrolyte. The
positive electrode active material includes an amorphous-
state lithium phosphate compound. The lithium phosphate
compound is one which is represented by Formula (2).

Li,Cu,PO, Formula (2)

(where x represents the composition ratio of lithium; y rep-
resents the composition ratio of copper; and x is 5.0<x<7.0)

A sixth technology is a positive electrode active material
including a lithium phosphate compound represented by For-
mula (2). The lithium phosphate compound is in an amor-
phous state.

Li,Cu PO, Formula (2)

(where x represents the composition ratio of lithium; y rep-
resents the composition ratio of copper; and x is 5.0<x<7.0)

According to the present technology, a positive electrode
active material includes an amorphous-state lithium phos-
phate compound containing Li; P; an element M1 selected
from Ni, Co, Mn, Au, Ag and Pd; and O. Further, a positive
electrode active material includes an amorphous-state lithium
phosphate compound, and the lithium phosphate compound
includes an amorphous-state lithium phosphate compound
containing Li; P; an element M1' selected from Ni, Co, Mn,
Au, Ag, Pd and Cu; and O; and at least one additive element
M3 selected from B, Mg, Al, Si, Ti, V, Cr, Fe, Zn, Ga, Ge, Nb,
Mo, In, Sn, Sb, Te, W, Os, Bi, Gd, Tb, Dy, Hf, Ta and Zr. Still
further, a positive electrode active material includes an amor-
phous-state lithium phosphate compound, and the lithium
phosphate compound is one which is represented by the
above-mentioned Formula (2). These lithium phosphate com-
pounds in an amorphous state may function as the positive
electrode active material having a high ionic conductivity in
an amorphous state.

Effect of the Invention

According to the present technology, it is able to provide a
solid electrolyte cell using a positive electrode active material
which has a high ionic conductivity in an amorphous state,
and a positive electrode active material which has a high ionic
conductivity in an amorphous state.

Additional features and advantages are described herein,
and will be apparent from the following Detailed Description
and the figures.
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4
BRIEF DESCRIPTION OF THE FIGURES

FIG. 1A is a plan view of a solid electrolyte cell according
to a first embodiment of the present technology. FIG. 1B is a
cross-sectional view taken along the line X-X shown in FIG.
1A.FIG.1C s across-sectional view taken along the line Y-Y
shown in FIG. 1A.

FIG. 2A is a plan view of a solid electrolyte cell according
to a second embodiment of the present technology. FIG. 2B is
across-sectional view taken along the line X-X shown in FIG.
2A.FIG. 2C is across-sectional view taken along the line Y-Y
shown in FIG. 2A.

FIG. 3A shows a TEM image of a cross section of a positive
electrode active material film of Reference Example 1. FIG.
3B shows an electron diffraction pattern.

FIG. 4 is a graph showing charge-discharge curves of Ref-
erence Example 1.

FIG. 5 is a graph showing charge-discharge curves
Example 1.

FIG. 6 is a graph showing charge-discharge curves
Example 2.

FIG. 7 is a graph showing charge-discharge curves
Example 3.

FIG. 8 is a graph showing charge-discharge curves
Example 4.

FIG. 9 is a graph showing charge-discharge curves
Example 5.

FIG. 10 is a graph showing charge-discharge curves of
Example 6.

FIG. 11 is a graph plotting the composition ratio of nickel
and the capacity in Test Example 1.

FIG. 12 is a graph plotting the composition ratio of oxygen
and the capacity in Test Example 1.

FIG. 13 is a graph plotting the composition ratios of nickel
and oxygen.

FIG. 14 is a graph showing measurement results of Test
example 2.

FIG. 15 is a graph showing charge-discharge curves for
Sample 1.

FIG. 16 is a graph showing charge-discharge curves for
Sample 2.

FIG. 17 is a graph showing a discharge curve for Sample 2.

FIG. 18 is a graph showing charge-discharge curves for
Sample 2.

FIG. 19 is a graph showing charge-discharge curves for
Sample 2.

FIG. 20 is a graph showing charge-discharge curves for
Sample 2.

FIG. 21 is a graph showing charge-discharge curves for
Sample 2.

FIG. 22A is a graph showing a discharge curve for Sample
2 where the specific capacity (mAh/g) is taken along the
abscissa. FIG. 22B is a graph showing a discharge curve for
Sample 2, where the composition ratio x of lithium of
Li,Cu, (PO, is taken along the abscissa.

FIG. 23 A is a graph showing a discharge curve for Sample
3 where the specific capacity (mAh/g) is taken along the
abscissa. FIG. 23B is a graph showing a discharge curve for
Sample 3, where the composition ratio x of lithium of
Li Nig sPO , is taken along the abscissa.

FIG. 24 is a graph showing charge-discharge curves for
Examples 7, 8 and Reference Example 2.

FIG. 25 is a graph showing charge-discharge curves for
Example 9.

FIG. 26 is a graph showing charge-discharge curves for
Example 10.
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FIG. 27 is a graph showing charge-discharge curves for
Example 11.

FIG. 28 is a graph showing charge-discharge curves for
Example 12.

FIG. 29 is a graph plotting the discharging capacity versus
the number of charge-discharge for Examples 13 to 15 and
Reference Example 3.

FIG. 30 is a graph plotting the discharging capacity versus
the number of charge-discharge for Examples 16 to 19 and
Reference Example 3.

FIG. 31 is a graph plotting the discharging capacity versus
the number of charge-discharge for Examples 20 to 23 and
Reference Example 3.

DETAILED DESCRIPTION

Embodiments of the present technology will be described
with reference to the drawings. The description will be given
in the following order. In all the drawings of the embodi-
ments, the same or corresponding parts will be denoted by the
same reference numerals.

1. First Embodiment (First Example of Solid Electrolyte
Cell)

2. Second Embodiment (Second Example of Solid Elec-
trolyte Cell)

3. Other Embodiments (Modified Examples)

1. First Embodiment

FIG. 1 shows a configuration of a solid electrolyte cell
according to a first embodiment of the present technology.
This solid electrolyte cell is, for example, a solid electrolyte
secondary cell capable of being charged and discharged. FIG.
1A is a plan view of this solid electrolyte cell. FIG. 1B is a
cross-sectional view taken along the line X-X shown in FIG.
1A.FIG.1C s a cross-sectional view taken along the line Y-Y
shown in FIG. 1A.

As shown in FIG. 1, this solid electrode cell has an inor-
ganic insulating film 20 formed on a substrate 10, and a
stacked body, in which, a positive electrode side current col-
lector film 30, a positive electrode active material film 40, a
solid electrolyte film 50, a negative electrode potential for-
mation layer 64 and a negative electrode side current collector
film 70 are stacked in this order, on the inorganic insulating
film 20. An overall protective film 80 made up of a UV-curing
resin, for example, is formed in such a manner as to cover the
whole part of this stacked body. It should be noted that alter-
natively the inorganic insulating film 20 may be formed on the
overall protective film 80. This solid electrode cell is one
including a positive electrode side layer, a negative electrode
side layer and a solid electrolyte layer that is between the
positive electrode side layer and the negative electrode side
layer. In this solid electrolyte cell, with respect to the solid
electrolyte layer as a boundary, the positive electrode side
layer is located on the positive electrode side of the solid
electrolyte layer. In the example shown in FIG. 1, the positive
electrode side layer includes the positive electrode active
material film 40 which is a positive electrode active material
layer, and the positive electrode side current collector film 30
which is a positive electrode current collector layer, being
located on the positive electrode side of the solid electrolyte
film 50 which is the solid electrolyte layer, for example. In
this solid electrolyte cell, with respect to the solid electrolyte
layer as a boundary, the negative electrode side layer is
located on the negative electrode side of the solid electrolyte
layer. In the example shown in FIG. 1, the negative electrode
side layer includes the negative electrode potential formation
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layer 64 and the negative electrode side current collector film
70 which is a negative electrode current collector layer, being
located on the negative electrode side of the solid electrolyte
film 50 which is the solid electrolyte layer, for example.
(Substrate)

Examples of substrates which can be used as the substrate
10 include polycarbonate (PC) resin substrate, fluorine resin
substrate, polyethylene terephthalate (PET) substrate, poly-
butylene terephthalate (PBT) substrate, polyimide (PI) sub-
strate, polyamide (PA) substrate, polysulfone (PSF) sub-
strate, polyethersulfone (PES) substrate, polyphenylene
sulfide (PPS) substrate, polyetheretherketone (PEEK) sub-
strate, polyethylene naphthalate (PEN), cycloolefin polymer
(COP) and the like. The material of this substrate is not
especially restricted, and is more desirable to be a substrate
which is of low hygroscopicity and has moisture resistance.
(Positive Electrode Side Current Collector Film 30)

Examples of materials which can be used to make up the
positive electrode side current collector film 30 include Cu,
Mg, Ti, Fe, Co, Ni, Zn, Al, Ge, In, Au, Pt, Ag, Pd and the like,
as well as alloys containing any of these.

(Positive Electrode Active Material Film 40)

The positive electrode active material film 40 is made up
with an amorphous-state lithium phosphate compound. For
example, the positive electrode active material film 40 is
made up with an amorphous-state lithium phosphate com-
pound that contains Li; P; an element M1 selected from Ni,
Co, Mn, Au, Ag, and Pd; and O.

This lithium phosphate compound has the following excel-
lent characteristics as a positive electrode active material.
That is to say, it has a high potential relative to Li*/Li pair. It
is superior in flatness of potential, that is, variation of its
potential resulting from composition changes is small. The
composition ratio of lithium is larger, so it has a high capacity.
It has a high electric conductivity. It is superior in charge-
discharge cycle characteristics because it is free from such
matters as collapse of crystalline structure due to repetition of
charging and discharging, unlike crystalline positive elec-
trode active materials. Further, it can be formed without being
annealed, so it enables simplification ofthe process, improve-
ment in yield, and utilization of a resin substrate.

The positive electrode active material film 40 may be made
up with a lithium phosphate compound represented by For-
mula (1) as such a lithium phosphate compound as described
above, for example.

Li,Ni PO, Formula (1)

(where x represents the composition ratio of lithium; y
represents the composition ratio of nickel; x is 0<x<8.0; y is
2.0=y=10; z represents the composition ratio of oxygen; and
7 is the ratio in which oxygen is stably contained depending
on the composition ratio of Ni and P)

In Formula (1), a desirable range of the composition ratio x
of lithium is 0<x<8. The upper limit of the composition ratio
x oflithium is not especially restricted; and the limit at which
the potential can be maintained becomes the upper limit of the
composition ratio x of Li. As far as could be confirmed, the
composition ratio x of Li is desirable to be less than 8. Further,
the range of the composition ratio x of lithium is more desir-
able to be 1.0=x<8. This is because if the composition ratio x
of lithium is less than 1.0, the impedance becomes larger and
it would be unable to charge and discharge.

In Formula (1), a desirable range of the composition ratio y
of Ni, from the point that sufficient charge and discharge
capacity can be achieved, is 2.0=y=10.0. For example, if the
composition ratio y of Ni is less than 2.0, the charge and
discharge capacity would be drastically decreased. The upper
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limit of the composition ratio y of Ni is not especially
restricted; but if the composition ratio y of Ni is more than 4,
the charge and discharge capacity would be gradually low-
ered. Setting about a half of the maximum capacity as an
index, the composition ratio y of Ni is desirable to be 10 or
less. However, in cases where it would have an advantage
with regard to durability, ionic conductivity or the like, the
composition ratio may be more than 10.0, at the sacrifice of
the charge and discharge capacity.

In Formula (1), the composition ratio z of oxygen is the
ratio to be stably contained depending on the composition
ratio of Ni and P.

The positive electrode active material film 40 may be made
up with an amorphous-state lithium phosphate compound
represented by Formula (2).

Li,Cu PO, Formula (2)

(where x represents the composition ratio of lithium; and y
represents the composition ratio of copper)

An amorphous-state lithium phosphate compound repre-
sented by Formula (2) has the following excellent character-
istics as a positive electrode active material. That is to say, it
has a high potential relative to Li*/Li pair. It is superior in
flatness of potential, that is, variation of its potential resulting
from composition changes is small. The composition ratio of
lithium is larger, so it has a high capacity. It has a high electric
conductivity. It is superior in charge-discharge cycle charac-
teristics because it is free from such matters as collapse of
crystalline structure due to repetition of charging and dis-
charging, unlike crystalline positive electrode active materi-
als. Further, it can be formed without being annealed, so it
enables simplification of the process, improvement in yield,
and utilization of a resin substrate.

In the lithium phosphate compound represented by For-
mula (2), for example, the range of the composition ratio x of
lithium is 0.5=x<7.0, and it may be 5<x<7.0.

In the lithium phosphate compound represented by For-
mula (2), a desirable range of the composition ratio y of
copper, from the point that sufficient charge and discharge
capacity can be achieved, is 1.0<y=4.0. In particular, if the
composition ratio y of copper is less than 1.0, the charge and
discharge capacity would be drastically decreased. The least
upper bound of the composition ratio y of copper is not
especially restricted; but if the composition ratio y is more
than 3, the charge and discharge capacity would be gradually
lowered. Setting about a half of the maximum capacity as an
index, the composition ratio y is desirable to be 4 or less.
However, in cases where it would have an advantage with
regard to durability, ionic conductivity or the like, the com-
position can be 4 or more, at the sacrifice of the charge and
discharge capacity. Further, in the lithium phosphate com-
pound represented by Formula (2), from the point that good
charge-discharge cycle characteristics can be obtained, the
lower limit of the composition ratio y of copper is more
desirable to be 2.2<y.

Meanwhile, in order to improve energy density in second-
ary cells, it is essential to increase the capacity of the positive
electrode active material. Examples of high-capacity positive
electrode active materials include metal complex oxides
(such as Li,CoO,, Li,NiO, and Li,Mn,0,) which may be
broadly classified into rock salt layer structure and spinel
structure; thus to increase the capacity.

However, in these positive electrode active materials, for
having crystalline structure, structural collapse proceeds
along with the number of cycles; and for having high internal
impedance, it is difficult to increase the number of reaction
electrons. Further, it is known that in cases of Li,Mn,O,
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which is classified in spinel structure, if it is containing an
excess of Li in the active material, at 1<X<2, the potential
lowers due to the volume expansion and contraction caused
by Jahn Teller ion (Mn3™). (For example, see J. M. Tarascon,
J. Electrochem. Soc, 138, 2864 (1991); and T. Ohzuku, J.
Electrochem. Soc, 137, 769 (1990))

In contrast to this, the positive electrode active material of
the present technology is capable of driving the cell to charge
and discharge, in an amorphous state; and reducing the vol-
ume expansion and contraction due to insertion and desorp-
tion of Li, which can suppress structural changes. Further, the
positive electrode active materials of the present technology
such as those of the above Formulae (1) and (2), for example,
can have wide range of content of Li, and thus the capacity
can be increased. For example, in Formula (1), lithium can be
contained up to the composition ratio x of less than x=8; and
in Formula (2), lithium can be contained up to the composi-
tion ratio x of less than x=7.

In addition, in totally-solid secondary cells, because it is
necessary to deposit a current collector, a positive electrode
active material, an electrolyte and a negative electrode, it is
essential to reduce interfacial resistance and reduce the inter-
nal resistance of the positive electrode active material. For-
mation of lithium-ion pathway contributes to the interfacial
resistance. The easier the diffusion of Liions is, the further the
interfacial resistance can be reduced. While improving ionic
conductivity of the electrolyte is a major solution, interfacial
control of such as surface uniformity and adhesion property
of the layers also can lead to improvement of the character-
istics. With regard to the internal resistance of the positive
electrode active material, it is unable to be made in thicker
film unless the internal impedance is lowered. In cases of
totally-solid secondary cells, since the film thickness is pro-
portional to the cell capacity, the positive electrode active
material should be formed in a thick film. Accordingly, reduc-
ing of the internal impedance of the positive electrode may
lead to the increase of the capacity. The positive electrode
active material of the present technology is found to have the
internal impedance lower than that of LiCoO, having a lay-
ered structure.

The positive electrode active material film 40 may be made
up with an amorphous-state lithium phosphate compound
that contains Li; P; an element M1 selected from Ni, Co, Mn,
Au, Ag, and Pd; at least one element M2 selected from Ni, Co,
Mn, Au, Ag, Pd and Cu (provided M1=M2); and O. Such a
lithium phosphate compound can provide the positive elec-
trode active material with better characteristics, for example,
by appropriately selecting the elements M1 and M2. For
example, in cases where the positive electrode active material
film 40 is made up with the amorphous-state lithium phos-
phate compound containing Li, P, Ni (the element M1), Cu
(the element M2) and O, the charge-discharge cycle charac-
teristics can be further improved. In cases where the positive
electrode active material film 40 is made up with the amor-
phous-state lithium phosphate compound containing Li, P, Ni
(the element M1), Pd (the element M2) and O, the capacity
can be further increased and the charge-discharge cycle char-
acteristics can be further improved. In cases where the posi-
tive electrode active material film 40 is made up with the
amorphous-state lithium phosphate compound containing L1,
P, Ni (the element M1), Au (the element M2) and O, the
charge-discharge cycle characteristics can be further
improved.

The positive electrode active material film 40 may be made
up with an amorphous-state lithium phosphate compound
that contains Li; P; an element M1 selected from Ni, Co, Mn,
Au, Ag, and Pd; at least one element M2 selected from Ni, Co,
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Mn, Au, Ag, Pd and Cu (provided M1=M2); at least one
additive element M3 selected from B, Mg, Al, Si, Ti, V, Cr, Fe,
Zn, Ga, Ge, Nb, Mo, In, Sn, Sb, Te, W, Os, Bi, Gd, Tb, Dy, Hf,
Ta and Zr; and O.

The positive electrode active material film 40 may be made
up with an amorphous-state lithium phosphate compound
that contains Li; P; an element M1' selected from Ni, Co, Mn,
Au, Ag, Pd and Cu; at least one additive element M3 selected
from B, Mg, Al, Si, T, V, Cr, Fe, Zn, Ga, Ge, Nb, Mo, In, Sn,
Sb, Te, W, Os, Bi, Gd, Tb, Dy, Hf, Ta and Zr; and O.

When the additive element M3 is contained in a lithium
phosphate compound alone, this lithium phosphate com-
pound may not be used as the positive electrode active mate-
rial. That is, in cases where the positive electrode active
material film 40 was made up with an amorphous-state
lithium phosphate compound that contains Li, P, the additive
element M3 alone and O, the cell would not be driven. On the
other hand, in cases where the additive element M3 is con-
tained in a lithium phosphate compound together with the
elements M1 and M2 (M1:M2) or with the element M1', this
lithium phosphate compound can be used as the positive
electrode active material. Moreover, by the selection of the
element species to be added, the characteristics as the positive
electrode active material can be improved. That is, also in
cases where the positive electrode active material film 40 is
made up with the lithium phosphate compound that contains
the additive element M3 together with the elements M1 and
M2 (M1=M2) or with the element M1', it does not affect
driving of the cell. Moreover, in cases where the positive
electrode active material film 40 is made up with the lithium
phosphate compound that contains the additive element M3
together with the elements M1 and M2 (M1=M2) or with the
element M1', it has the effect such as improvement of the
capacity, the cycle characteristics or the like, or lowering of
the internal impedance, by the selection of the element spe-
cies to be added.

Examples of desirable additive elements M3 would be the
following. That is, for ionic conductivity in general, it is
believed that by disturbing the structure having conductivity,
ions become easier to move. In fact, it is known that by
subjecting a Li,PO,, solid electrolyte to nitrogen doping, and
substituting by nitrogen a part thereof, as in Li;PO; ;N 5, the
ionic conductivity can be increased. On the other hand, in
cases of crystalline materials, a technique which is employed
to increase the ionic conductivity is that the conducting path
ofiions is formed in a structure (crystal) as orderly as possible,
and a part of the material inside the crystal is substituted to
generate holes. Therefore, these techniques have a common-
ality from the viewpoint of adding the path for lithium to
easily move inside the solid electrolyte, and a material whose
ionic conductivity was increased in crystalline material form
is often effective in amorphous material form as well. Thus,
the additive (additive element) for such a material whose
ionic conductivity was increased would be effective in the
amorphous positive electrode active material of the present
technology (amorphous-state lithium phosphate compound)
as well. Examples of materials of lithium oxide solid electro-
lyte, which are the materials whose ionic conductivity was
increased in crystalline material form, include Li, ;Al, ;Ti,
(PO,); (LATP), and in addition to this, Li, sLa, sTiO;,
Li; sZn, 55GeO, and many other materials. Therefore, the
additive elements of these materials Al, Ti, La, Zn, Ge and
other Si, V, W, Ga, Ta, Zr, Cr and Pd would be effective as well
in the amorphous positive electrode active material of the
present technology, being capable of further improving the
characteristics such as ionic conductivity.
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For example, in cases where the positive electrode active
material film 40 is made up with the amorphous-state lithium
phosphate compound containing Li, P, Ni (the element M1"),
at least one of Al and Ti (the additive element M3) and O, the
internal impedance can be lowered and excellent high-rate
discharge characteristics can be obtained. By the internal
impedance decreased, the potential change at the time of
high-speed discharge can be reduced and thus can realize the
cell with the higher potential. In addition, by the internal
impedance being low, the ratio of the discharge energy and
charge energy (discharge energy/charge energy) becomes
close to 1, and thus it is expected to have the effects that
energy loss decreases and energy efficiency becomes higher,
as well as that the Joule heat during charge and discharge can
be reduced and heat generation can be suppressed.

The positive electrode active material film 40 is a com-
pletely single-phase amorphous thin film which does not
include crystalline phase. The positive electrode active mate-
rial film 40 can be confirmed to be single-phase amorphous by
an observation of the cross-section with a transmission elec-
tron microscope (TEM). That is, when the cross-section of
this positive electrode active material film 40 is observed with
a transmission electron microscope (TEM), a state in which
crystal grains do not exist can be confirmed in the TEM
image. This state can also be confirmed from an electron
beam diffraction image.

(Solid Electrolyte Film 50)

Examples of materials which can be used to make up the
solid electrolyte film 50 include lithium phosphate (Li,PO,),
Li,PO, N, (generally called “LiPON") obtained by addition
of nitrogen to lithium phosphate (Li,PO,), LiB,0; N,
Li,Si0,—Li,PO,, Li,SiO,—Li;VO, and the like.
(Negative Electrode Potential Formation Layer 64)

As the negative electrode potential formation layer 64, for
example, an oxide containing at least one selected from Mn,
Co, Fe, P, Ni, and Si can be used. Specific examples of the
oxides include LiCoO,, LiMn,O, and the like. In this solid
electrolyte cell, a negative electrode active material layer is
not formed at the time of manufacturing, and the negative
electrode potential formation layer 64 is formed instead of
this. What is formed on the negative electrode side is [.i metal
oralayer containing an excess of Li (hereinafter referred to as
the “Li excess layer”) at an interface on the negative electrode
side of the solid electrolyte film 50. While utilizing the exces-
sively deposited Li (Li excess layer), without spoiling the
charge-discharge characteristics, it has a high durability
against repetition of charging and discharging.

Although the negative electrode potential formation layer
64 takes in some of Li during initial charging of the cell, the
Li content is maintained at a constant level during the subse-
quent process of charging and discharging, and due to this,
diffusion of Li into the negative electrode side current collec-
tor film 70 is suppressed and deterioration of the negative
electrode side current collector film 70 is prevented.

Thus, extremely good repetitive charge-discharge charac-
teristics can be achieved. Further, a loss of charging amount
due to diffusion of Li into the negative electrode side current
collector film 70 can be minimized effectively. If the negative
electrode potential formation layer 64 was not provided, Li
would diffuse into the negative electrode side current collec-
tor film 70, and the total amount of Li which accompanies
charge and discharge of the cell cannot be maintained at a
constant level, and thus, charge-discharge characteristics
would be deteriorated.

Incidentally, the thickness of the Li excess layer formed at
the interface on the negative electrode side of the solid elec-
trolyte film 50 varies in accordance with the thickness of the
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positive electrode active material film 40. However, the nega-
tive electrode potential formation layer 64 has only to be fully
functional as a protective film to the Li excess layer formed at
the interface on the negative electrode side of the solid elec-
trolyte film 50. Therefore, the thickness of the negative elec-
trode potential formation layer 64 is not directly related to the
thickness of the Li excess layer, and does not depend on the
thickness of the positive electrode active material film 40.

This solid electrolyte cell utilizes the fact that if the capac-
ity of a negative electrode active material is less than the
amount of L in the positive electrode active material, Li that
could not fit in the negative electrode active material is depos-
ited on the interface to form the Li excess layer, to thereby
function as the negative electrode active material. In the solid
electrolyte cell, the negative electrode potential formation
layer 64 is formed to be sufficiently thinner than the positive
electrode active material film 40, so that the negative elec-
trode active material is substantially absent in an uncharged
state.

The negative electrode potential formation layer 64 may be
made of a material which is utilized as the negative electrode
active material. In such cases, more precisely, a part of the
material functions as the negative electrode active material
and the rest of the material functions as a protective film to the
Li excess layer. In cases where the negative electrode poten-
tial formation layer 64 is sufficiently thinner than the positive
electrode active material film 40, most part of the negative
electrode potential formation layer 64 is used as the protective
film.

This solid electrolyte cell has a configuration in which the
negative electrode potential formation layer 64 is formed to
be sufficiently thinner than the positive electrode active mate-
rial film 40 so that the Li excess layer, which is formed by
deposition on the interface and which functions as the nega-
tive electrode active material, accounts for not less than one
half of driving of the cell.

(Negative Electrode Side Current Collector Film 70)

Examples of materials which can be used to make up the
negative electrode side current collector film 70 include Cu,
Mg, Ti, Fe, Co, Ni, Zn, Al, Ge, In, Au, Pt, Ag, Pd and the like,
as well as alloys containing any of these.

(Inorganic Insulating Film 20)

The material which makes up the inorganic insulating film
20 may be any material that can form a film which is of low
hygroscopicity and has moisture resistance. Examples of
such materials include oxides, nitrides and sulfides of any of
Si, Cr, Zr, Al, Ta, Ti, Mn, Mg, and Zn, which can be used either
singly or as mixtures of two or more thereof. More specific
examples of the materials, which may be used, include Si;N,,
Si0,, Cr,0;, ZrO,, Al,O,, Ta0,, TiO,, Mn,0,, MgO, ZnS
and the like, and mixtures thereof.

(Method of Manufacturing Solid Electrolyte Cell)

The solid electrolyte cell described above is manufactured,
for example, in the following manner.

First, an inorganic insulating film 20 is formed on a sub-
strate 10. Next, a positive electrode side current collector film
30, a positive electrode active material film 40, a solid elec-
trolyte film 50, a negative electrode potential formation layer
64, and a negative electrode side current collector film 70 are
sequentially formed over the inorganic insulating film 20, to
thereby form a stacked body. Subsequently, an overall pro-
tective film 80 made of a UV-curing resin, for example, is
formed over the substrate (organic insulating substrate) 10 so
as to cover the whole part of this stacked body and inorganic
insulating film 20. By the series of steps described above, a
solid electrolyte cell according to the first embodiment of the
present technology can be formed.
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(Methods for Forming Thin Films)

Methods for forming the inorganic insulating film 20, the
positive electrode side current collector film 30, the positive
electrode active material film 40, the solid electrolyte film 50,
the negative electrode potential formation layer 64 and the
negative electrode side current collector film 70 will be
described.

Each of the thin films can be formed, for example, by a
vapor phase method such as PVD (Physical Vapor Deposi-
tion) and CVD (Chemical Vapor Deposition). Besides, the
thin films can be formed by a liquid phase method such as
electroplating, electroless plating, coating, and a sol-gel
method. Furthermore, the thin films can be formed by a solid
phase method such as SPE (solid phase epitaxy) and the LB
(Langmuir-Blodgett) method.

The PVD method is a method in which a raw material to be
formed into a thin film is once evaporated or vaporized by
energy such as heat or plasma, and is deposited as a thin film
on a substrate. Examples of the PVD methods include
vacuum evaporation, sputtering, ion plating, MBE (molecu-
lar beam epitaxy), and laser ablation, and the like.

The CVD method is a method in which a component mate-
rial of the thin film provided as a gas is subjected to energy
such as heat, light or plasma to form decomposition products,
reaction products and/or intermediate products with the mol-
ecules of the material gas; so that a thin film is deposited on a
substrate through adsorption, reaction and desorption at a
surface of the substrate.

Examples of the CVD methods include thermal CVD,
MOCVD (Metal Organic Chemical Vapor Deposition), RF
plasma CVD, photo-CVD, laser CVD, LPE (liquid phase
epitaxy), and the like.

It is easy for those skilled in the art to form the inorganic
insulating film 20, the positive electrode side current collector
film 30, the positive electrode active material film 40, the
solid electrolyte film 50, the negative electrode potential for-
mation layer 64 and the negative electrode side current col-
lector film 70 of a desired configuration by the above-men-
tioned methods for forming thin films. That is, by
appropriately selecting the raw materials, the methods and the
conditions for forming thin films, or the like, those skilled in
the art can easily form the inorganic insulating film 20, the
positive electrode side current collector film 30, the positive
electrode active material film 40, the solid electrolyte film 50,
the negative electrode potential formation layer 64 and the
negative electrode side current collector film 70 of a desired
configuration.

(Effects)

In the first embodiment of the present technology, the posi-
tive electrode active material film 40 is made up with a lithium
phosphate compound that contains Li; P; an element M1
selected from Ni, Co, Mn, Au, Ag, and Pd; and O; which
lithium phosphate compound is in an amorphous-state. This
makes it possible to obtain a solid electrolyte cell having
excellent characteristics.

In addition, in the first embodiment of the present technol-
ogy, the positive electrode active material film 40 is able to
function as a positive electrode active material even when it is
not annealed. This eliminates the need to use an expensive
heat-resistant glass as the substrate 10, and thus the manufac-
turing cost of the solid electrolyte cell can be reduced.

2. Second Embodiment

A solid electrolyte cell according to a second embodiment
of the present technology will now be described. This solid
electrolyte cell is, for example, a solid electrolyte secondary
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cell capable of being charged and discharged. FIG. 2 shows a
configuration of a solid electrolyte cell according to a second
embodiment of the present technology. FIG. 2A isa plan view
of'this solid electrolyte cell. FIG. 2B is a cross-sectional view
taken along the line X-X shown in FIG. 2A. FIG. 2C is a
cross-sectional view taken along the line Y-Y shown in FIG.
2A.

This solid electrode cell has an inorganic insulating film 20
formed on a substrate 10, and a stacked body, in which, a
positive electrode side current collector film 30, a positive
electrode active material film 40, a solid electrolyte film 50, a
negative electrode active material film 60 and a negative
electrode side current collector film 70 are stacked in this
order, on the inorganic insulating film 20. An overall protec-
tive film 80 made up of a UV-curing resin, for example, is
formed in such a manner as to cover the whole part of this
stacked body and inorganic insulating film. It should be noted
that alternatively the inorganic insulating film 20 may be
formed on the overall protective film 80. This solid electrode
cell is one including a positive electrode side layer, a negative
electrode side layer and a solid electrolyte layer that is
between the positive electrode side layer and the negative
electrode side layer. In this solid electrolyte cell, with respect
to the solid electrolyte layer as a boundary, the positive elec-
trode side layer is located on the positive electrode side of the
solid electrolyte layer. In the example shown in FIG. 2, the
positive electrode side layer includes the positive electrode
active material film 40 which is a positive electrode active
material layer, and the positive electrode side current collec-
tor film 30 which is a positive electrode current collector
layer, being located on the positive electrode side of the solid
electrolyte film 50 which is the solid electrolyte layer, for
example. In this solid electrolyte cell, with respect to the solid
electrolyte layer as a boundary, the negative electrode side
layer is located on the negative electrode side of the solid
electrolyte layer. In the example shown in FIG. 2, the negative
electrode side layer includes the negative electrode active
material film 60 and the negative electrode side current col-
lector film 70 which is a negative electrode current collector
layer, being located on the negative electrode side of the solid
electrolyte film 50 which is the solid electrolyte layer, for
example.

The substrate 10, the inorganic insulating film 20, the posi-
tive electrode side current collector film 30, the positive elec-
trode active material film 40, the solid electrolyte film 50, the
negative electrode side current collector film 70 and the over-
all protective film 80 are the same as in the first embodiment.
Therefore, detail descriptions thereof will be omitted. The
negative electrode active material film 60 has the following
configuration.

(Negative Electrode Active Material Film)

The material which makes up the negative electrode active
material film 60 may be any material that is capable of easily
intercalating and de-intercalating lithium ions, which allows
a large amount of lithium ions to be intercalated into and
de-intercalated from the negative electrode active material
film. As such a material, an oxide of any of Sn, Si, Al, Ge, Sb,
Ag, Ga, In, Fe, Co, Ni, Ti, Mn, Ca, Ba, La, Zr, Ce, Cu, Mg, Sr,
Cr, Mo, Nb, V, Zn and the like can be used. In addition,
mixtures of these oxides can also be used.

Specific examples of the materials for the negative elec-
trode active material film 60 include silicon-manganese alloy
(8i—Mn), silicon-cobalt alloy (Si—Co), silicon-nickel alloy
(S8i—Ni), niobium pentoxide (Nb,Oj), vanadium pentoxide
(V,0y), titanium oxide (TiO,), indium oxide (In,O;), zinc
oxide (ZnO), tin oxide (Sn0O,), nickel oxide (NiO), Sn-doped
indium oxide (ITO), Al-doped zinc oxide (AZO), Ga-doped
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zinc oxide (GZ0), Sn-doped tin oxide (ATO), F (fluorine)-
doped tin oxide (FTC)) and the like. In addition, mixtures of
these can also be used. Further, i metal may also be used as
the material to make up the negative electrode active material
film 60.
(Method of Manufacturing Solid Electrolyte Cell)

The solid electrolyte cell described above is manufactured,
for example, in the following manner.

First, an inorganic insulating film 20 is formed on a sub-
strate 10. Next, a positive electrode side current collector film
30, a positive electrode active material film 40, a solid elec-
trolyte film 50, a negative electrode active material film 60,
and a negative electrode side current collector film 70 are
sequentially formed over the inorganic insulating film 20, to
thereby form a stacked body. Subsequently, an overall pro-
tective film 80 made of a UV-curing resin, for example, is
formed over the substrate 10 so as to cover the whole part of
this stacked body and inorganic insulating film 20. By the
series of steps described above, a solid electrolyte cell accord-
ing to the second embodiment of the present technology can
be formed.

(Effects)

The second embodiment has substantially the same effect

as that of the first embodiment.

EXAMPLES

The present technology will now be described by way of
examples thereof. It should be noted that the present technol-
ogy is not restricted to the examples below.

Reference Example 1, Examples 1 to 6, Comparative
Examples 1 to 10

Reference Example 1

Reference Example 1 will illustrate a solid electrolyte cell
using Li,Cu PO, as the positive electrode active material
film. A solid electrolyte cell having the configuration as illus-
trated in FIG. 1 was produced. A polycarbonate (PC) sub-
strate having a thickness of 1.1 mm was used as the substrate
10. A film of SCZ (Si0,—Cr,0;—Z7r0,) was formed as the
inorganic insulating film 20 on the substrate 10.

A metallic mask was disposed on the inorganic insulating
film 20, the positive electrode side current collector film 30
was made in a predetermined region, and then the positive
electrode active material film 40, the solid electrolyte film 50,
the negative electrode potential formation layer 64 and the
negative electrode side current collector film 70 were formed
in this order, to form a stacked body. A Ti film was formed as
the positive electrode side current collector film 30, a Li -
Cu, PO, film as the positive electrode active material film 40,
a Li;PO, N_film as the solid electrolyte film 50, a LiCoO,
film as the negative electrode potential formation layer 64,
and a Ti film was formed as the negative electrode side current
collector film 70.

The film-forming conditions for the inorganic insulating
film 20 and for each thin film which makes up the stacked
body were set as follows. In addition, the substrate 10 was not
subjected to heating of the substrate, and the film formation
was performed with a substrate holder being cooled in water
at20° C.

(Inorganic Insulating Film 20)

The inorganic insulating film 20 was formed by the follow-
ing sputtering apparatus under the following film-forming
conditions.
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Sputtering apparatus (C-3103 by ANELVA)
Target composition: SCZ (SiO, 35 at % (atomic percent)+
Cr,0, 30 at %+ZrO, 35 at %)
Target size: 6 inches
Sputtering gas: Ar 100 sccm, 0.13 Pa
Sputtering power: 1000 W (RF)
(Positive Electrode Side Current Collector Film 30)

The positive electrode side current collector film 30 was
formed by the following sputtering apparatus under the fol-
lowing film-forming conditions.

Sputtering apparatus (SMO-01 special model by ULVAC,
Inc.)

Target composition: Ti

Target size: ®4 inches

Sputtering gas: Ar 70 sccm, 0.45 Pa
Sputtering power: 1000 W (DC)

Film thickness: 100 nm

(Positive Electrode Active Material Film 40)

The positive electrode active material film 40 was formed
by the following sputtering apparatus under the following
film-forming conditions.

Sputtering apparatus (SMO-01 special model by ULVAC,
Inc.)

Target composition: co-sputtering of Li;PO, and Cu

Target size: ®4 inches

Sputtering gas: Ar (80%) +O, (20%) 20 sccm, 0.20 Pa
Sputtering power: Li;PO, 600 W (RF), Cu 50 W (DC)

Film thickness: 350 nm

(Solid Electrolyte Film 50)

The solid electrolyte film 50 was formed by the following
sputtering apparatus under the following film-forming con-
ditions.

Sputtering apparatus (SMO-01 special model by ULVAC,
Inc.)

Target composition: Li,PO,

Target size: ®4 inches

Sputtering gas: Ar 20 sccm +N, 20 scem, 0.26 Pa
Sputtering power: 600 W (RF)

Film thickness: 400 nm

(Negative Electrode Potential Formation Layer 64)

The negative electrode potential formation layer 64 was
formed by the following sputtering apparatus under the fol-
lowing film-forming conditions. Sputtering apparatus (SMO-
01 special model by ULVAC, Inc.)

Target composition: LiCoO,

Target size: ®4 inches

Sputtering gas: (Ar 80%+0, 20% mixture gas) 20 sccm, 0.20
Pa

Sputtering power: 300 W (RF)

Film thickness: 10 nm

(Negative Electrode Side Current Collector Film 70)

The negative electrode side current collector film 70 was
formed by the following sputtering apparatus under the fol-
lowing film-forming conditions.

Sputtering apparatus (SMO-01 special model by ULVAC,
Inc.)

Target composition: Ti

Target size: ®4 inches

Sputtering gas: Ar 70 sccm, 0.45 Pa

Sputtering power: 1000 W (DC)

Film thickness: 200 nm

Finally, the overall protective film 80 was formed using a
UV-curing resin (product code SK3200 by Sony Chemical &
Information Device Corp.), and, further, an inorganic insulat-
ing film was formed on the UV-curing resin under the same
film-forming conditions as the above. The solid electrolyte
cell of Reference Example 1 was thus obtained. That is, the
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solid electrolyte cell of Reference Example 1 having the
following film configuration was obtained.
(Film Configuration of Solid Electrolyte Cell)

Polycarbonate substrate/SCZ (50 nm)/Ti (100 nm)/Li,-
Cu, PO, (350 nm)/Li,PO, N, (400 nm)/LiCoO, (10 nm)/Ti
(200 nm)/UV-curing resin (20 um)/SCZ (50 nm)

[Analysis of Positive Electrode Active Material Film 40]
(XPS Analysis)

An analysis of the positive electrode active material film 40
was conducted in the following manner. A monolayer film
similar to the positive electrode active material film 40 was
formed on a quartz glass under the same film forming condi-
tions as those for the positive electrode active material film
40. The chemical composition of the monolayer film was
analyzed by X-ray photoelectron spectroscopy (XPS). As a
result, the composition of the monolayer film was found to be
Li, ,Cu, ,PO, .

(TEM Analysis)

In addition, a section of the monolayer film was observed
with a transmission electron microscope (TEM). The results
are shown in FIG. 3. FIG. 3A shows a TEM image which was
observed with a transmission electron microscope (TEM).
FIG. 3B shows an electron diffraction pattern.

As shown in FIG. 3A, no crystal grain was observed in the
TEM image. Besides, as shown in FIG. 3B, a halo ring indica-
tive of an amorphous state was observed in the electron dif-
fraction pattern. Thus, it was confirmed that the positive elec-
trode active material film 40 was amorphous.
(Charge-Discharge Test)

The solid electrolyte cell of Reference Example 1 was
subjected to a charge-discharge test. Charging was performed
ata charge current of 50 pA and a charge cutoff voltage of 5V.
Discharging was performed at a discharge current of 50 pA
and a discharge cutoff voltage of 2V. Incidentally, 50 pA is
equivalent to 5 C (a current value at which a theoretical
capacity is charged or discharged in 0.2 hours). The measure-
ment results are shown in FIG. 4. In FIG. 4, the line ¢, shows
a charge curve. The subscript x is an odd number, showing
that the line c, is a charge curve for the ((x+1)/2)-th charging.
Theline d, shows a discharge curve. The subscripty is an even
number, showing that the line d,, is a discharge curve for the
(y/2)-th discharging after the initial charging.

As shown in FIG. 4, the solid electrolyte cell of Reference
Example 1 was superior in flatness of discharge potential in
the vicinity of 3V. Further, the positive electrode active mate-
rial showed good characteristics against repetition of charg-
ing and discharging.

Example 1

A solid electrolyte cell having the configuration as illus-
trated in FIG. 1 was produced. A polycarbonate (PC) sub-
strate having a thickness of 1.1 mm was used as the substrate
10. A film of SiN was formed as the inorganic insulating film
20 on the substrate 10. A metallic mask was disposed on the
inorganic insulating film 20, and then in a predetermined
region, the positive electrode side current collector film 30,
the positive electrode active material film 40, the solid elec-
trolyte film 50, the negative electrode potential formation
layer 64 and the negative electrode side current collector film
70 were formed in this order, to form a stacked body. Specifi-
cally, a Ti film was formed as the positive electrode side
current collector film 30, a Li Ni PO, film as the positive
electrode active material film 40, a Li;PO, N_ film as the
solid electrolyte film 50, a LiCoO, film as the negative elec-
trode potential formation layer 64, and a Ti film was formed
as the negative electrode side current collector film 70.
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The film-forming conditions for the inorganic insulating
film 20 and for each thin film which makes up the stacked
body were set as follows. In addition, the film formation was
performed without heating of the substrate 10.

(Inorganic Insulating Film 20)

The inorganic insulating film 20 was formed by the follow-
ing sputtering apparatus under the following film-forming
conditions.

Sputtering apparatus (C-3103 by ANELVA)

Target composition: Si

Target size: 6 inches

Sputtering gas: Ar 60 sccm, N, 30 scem, 0.11 Pa
Sputtering power: 1500 W (DC)

(Positive Electrode Side Current Collector Film 30)

The positive electrode side current collector film 30 was
formed by the following sputtering apparatus under the fol-
lowing film-forming conditions.

Sputtering apparatus (SMO-01 special model by ULVAC,
Inc.)

Target composition: Ti

Target size: ®4 inches

Sputtering gas: Ar 70 sccm, 0.45 Pa

Sputtering power: 1000 W (DC)

Film thickness: 100 nm

(Positive Electrode Active Material Film 40)

The positive electrode active material film was formed by
the following sputtering apparatus under the following film-
forming conditions.

Sputtering apparatus (SMO-01 special model by ULVAC,
Inc.)

Target composition: co-sputtering of Li;PO, and Ni

Target size: ®4 inches

Sputtering gas: Ar (80%) +O, (20%) 20 sccm, 0.20 Pa
Sputtering power: Li;PO, 600 W (RF), Ni 150 W (DC)
Film thickness: 340 nm

(Solid Electrolyte Film 50)

The solid electrolyte film 50 was formed by the following
sputtering apparatus under the following film-forming con-
ditions.

Sputtering apparatus (SMO-01 special model by ULVAC,
Inc.)

Target composition: Li,PO,

Target size: ®4 inches

Sputtering gas: Ar 20 sccm+N, 20 sccm, 0.26 Pa
Sputtering power: 600 W (RF)

Film thickness: 400 nm

(Negative Electrode Potential Formation Layer 64)

The negative electrode potential formation layer 64 was
formed by the following sputtering apparatus under the fol-
lowing film-forming conditions.

Sputtering apparatus (SMO-01 special model by ULVAC,
Inc.)

Target composition: LiCoO,

Target size: ®4 inches

Sputtering gas: (Ar 80%+0, 20% mixture gas) 20 sccm, 0.20
Pa

Sputtering power: 300 W (RF)

Film thickness: 10 nm

(Negative Electrode Side Current Collector Film 70)

The negative electrode side current collector film 70 was
formed by the following sputtering apparatus under the fol-
lowing film-forming conditions.

Sputtering apparatus (SMO-01 special model by ULVAC,
Inc.)

Target composition: Ni

Target size: ®4 inches

Sputtering gas: Ar 70 sccm, 0.45 Pa
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Sputtering power: 1000 W (DC)
Film thickness: 200 nm

Finally, the overall protective film 80 was formed using a
UV-curing resin (product code SK3200 by Sony Chemical &
Information Device Corp.), and, further, an inorganic insulat-
ing film was formed on the overall protective film 80. The
solid electrolyte cell of Example 1 was thus obtained. That is,
the solid electrolyte cell of Example 1 having the following
film configuration was obtained.

(Film Configuration of Solid Electrolyte Cell)

Polycarbonate substrate/SiN (50 nm)/Ti (100 nm)/Li,Ni,-
PO, (340 nm)/Li,PO, N_ (400 nm)/LiCoO, (10 nm)/Ni (200
nm)/UV-curing resin (20 um)/SiN (50 nm)

[Analysis of Positive Electrode Active Material Film 40]
(XPS Analysis)

An analysis of the positive electrode active material film 40
was conducted in the following manner. A monolayer film
similar to the positive electrode active material film 40 was
formed on a quartz glass under the same film-forming condi-
tions as those for the positive electrode active material film
40. The chemical composition of the monolayer film was
analyzed by X-ray photoelectron spectroscopy (XPS). As a
result, the composition of the monolayer film was found to be
Li, ,Ni, ;PO,.

(XRD Analysis)

From XRD analysis, no distinct peaks were found, and it
was shown that the crystallinity was not high. By that the
production method was almost the same as in Reference
Example 1, it can be seen that this material was amorphous.
(TEM Analysis)

In addition, this monolayer film was observed with a trans-
mission electron microscope (TEM). As a result, in the same
manner as in Reference Example 1, no crystal grain was
observed in the TEM image, and a halo ring indicative of an
amorphous state was observed in the electron diffraction pat-
tern. Thus, it was confirmed that the positive electrode active
material film 40 was amorphous.

(Charge-Discharge Test)

The solid electrolyte cell of Example 1 was subjected to a
charge-discharge test. Charging was performed at a charge
current of 50 pA and a charge cutoff voltage of 4.6V. Dis-
charging was performed at a discharge current of 50 pA and a
discharge cutoff voltage of 2V. Incidentally, 50 pA is equiva-
lent to 6 C (a current value at which a theoretical capacity is
charged or discharged in 0.1 hours). The measurement results
are shown in FIG. 5. In FIG. 5, the line c, shows a charge
curve. The subscript n shows that the line c,, is a charge curve
for the n-th charging. The line d, shows a discharge curve. The
subscript k shows that the line d,, is a discharge curve for the
k-th discharging after the initial charging. (The same applies
also to FIGS. 6 and 7 as follows).

As shown in FIG. 4, the solid electrolyte cell of Reference
Example 1 was superior in linearity of the potential change
when the potential was equal to or higher than 3V, and the
positive electrode active material showed good characteris-
tics against repetition of charging and discharging.

Example 2

A solid electrolyte cell was produced in the same manner as
in Reference Example 1 except that the positive electrode
active material film 40 was formed under the following film-
forming conditions.

(Positive Electrode Active Material Film 40)

The positive electrode active material film 40 was formed
by the following sputtering apparatus under the following
film-forming conditions.
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Sputtering apparatus (SMO-01 special model by ULVAC,
Inc.)
Target composition: co-sputtering of Li; PO, and Mn
Target size: ®4 inches
Sputtering gas: Ar (80%) +O, (20%) 20 sccm, 0.20 Pa
Sputtering power: Li,PO, 600 W (RF), Mn 200 W (DC)
Film thickness: 320 nm

The composition of Mn in Li,Mn, PO, is about the same as
the composition of Cu in Li,,Cu,,PO, in Reference
Example 1. The sputtering rates of the positive electrode
active materials of Reference Example 1 and Example 1 are
substantially the same.

(Charge-Discharge Test)

The solid electrolyte cell of Example 2 was subjected to a
charge-discharge test in the same manner as in Example 1.
The measurement results are shown in FIG. 6.

The charge-discharge potential was obtained as shown in
FIG. 6, indicating that Li,Mn, PO, functions as a positive
electrode active material. By repetition of charging and dis-
charging, a decrease in the potential was observed, and thus,
it might not have a high durability against repetition of charg-
ing and discharging but is suitable for use in charging and
discharging several times.

Example 3

A solid electrolyte cell was produced in the same manner as
in Example 1 except that the positive electrode active material
film 40 was formed under the following film-forming condi-
tions.

(Positive Electrode Active Material Film)

The positive electrode active material film was formed by
the following sputtering apparatus under the following film-
forming conditions.

Sputtering apparatus (SMO-01 special model by ULVAC,
Inc.)

Target composition: co-sputtering of Li;PO, and Ag

Target size: ®4 inches

Sputtering gas: Ar (80%) +O, (20%) 20 sccm, 0.20 Pa
Sputtering power: Li,PO, 600 W (RF), Ag 35 W (DC)

Film thickness: 320 nm

The composition of Ag in Li, Ag PO, is about the same as
the composition of Cu in Li,,Cu,,PO, in Reference
Example 1. The sputtering rates of the positive electrode
active materials of Reference Example 1 and Example 2 are
substantially the same.

(Charge-Discharge Test)

The solid electrolyte cell of Example 3 was subjected to a
charge-discharge test in the same manner as in Example 1.
The measurement results are shown in FIG. 7.

As shown in FIG. 7, a high capacity was obtained in the
initial discharging. Further, it was capable of being charged
and discharged, and in the discharge potential, a plateau of the
potential close to 3V was obtained. The solid electrolyte cell
of Example 3 might not have a high durability against repeti-
tion of charging and discharging, but it is suitable for use in
charging and discharging several times.

Example 4

A solid electrolyte cell was produced in the same manner as
in Example 1 except that the positive electrode active material
film 40 was formed under the following film-forming condi-
tions.
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(Positive Electrode Active Material Film)

The positive electrode active material film was formed by
the following sputtering apparatus under the following film-
forming conditions.

Sputtering apparatus (C-3103 by ANELVA)

Target composition: co-sputtering of Li; PO, and LiCoO,
Target size: 6 inches

Sputtering gas: Ar (80%) +O, (20%) 20 sccm, 0.10 Pa
Sputtering power: Li;PO, 1000 W (RF), LiCoO, 1000 W
(RF)

Film thickness: 250 nm

The composition of Co in Li,Co, PO, is about the same as
for Cuin Li, ,Cu, ,PO, in Reference Example 1.
(Charge-Discharge Test)

The solid electrolyte cell of Example 4 was subjected to a
charge-discharge test. Charging was performed at a charge
current of 50 pA and a charge cutoff voltage of 5.0V. Dis-
charging was performed at a discharge current of 50 pA and a
discharge cutoff voltage of 2V. Incidentally, 50 pA is equiva-
lent to 6 C (a current value at which a theoretical capacity is
charged or discharged in 0.1 hours). The measurement results
are shown in FIG. 8.

As shown in FIG. 8, a high discharge potential which was
equal to or higher than 3V was obtained, and good charge-
discharge characteristics, which showed almost no degrada-
tion until undergoing 10 times repetition of charging and
discharging, were obtained.

Example 5

A solid electrolyte cell was produced in the same manner as
in Example 1 except that the positive electrode active material
film 40 was formed under the following film-forming condi-
tions.

(Positive Electrode Active Material Film)

The positive electrode active material film was formed by
the following sputtering apparatus under the following film-
forming conditions.

Sputtering apparatus (C-3103 by ANELVA)

Target composition: co-sputtering of Li;PO, and Au
Target size: 6 inches

Sputtering gas: Ar (80%) +O, (20%) 20 sccm, 0.10 Pa
Sputtering power: Li;PO, 1000 W (RF), Au 170 W (DC)
Film thickness: 250 nm

The sputtering power for Au was adjusted in such a manner
that the composition of Au in Li, Au PO, would be about the
same as for Cu in Li, ,Cu, ,PO, in Reference Example 1.
(Charge-Discharge Test)

The solid electrolyte cell of Example 5 was subjected to a
charge-discharge test in the same manner as in Example 4.
The measurement results are shown in FIG. 9.

As shown in FIG. 9, a high discharge potential which was
equal to or higher than 3V was obtained, and a good result,
which showed less capacity degradation until undergoing 80
times repetition of discharging, was obtained.

Example 6

A solid electrolyte cell was produced in the same manner as
in Reference Example 1 except that the positive electrode
active material film 40 was formed under the following film-
forming conditions.

(Positive Electrode Active Material Film)

The positive electrode active material film was formed by
the following sputtering apparatus under the following film-
forming conditions.
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Sputtering apparatus (C-3103 by ANELVA)
Target composition: co-sputtering of Li,PO, and Pd
Target size: 6 inches
Sputtering gas: Ar (80%) +O, (20%) 20 sccm, 0.10 Pa
Sputtering power: Li,PO, 1000 W (RF), Pd 65 W (DC)
Film thickness: 238 nm

The sputtering power for Pd was adjusted in such a manner
that the composition of Pd in L1, Pd PO, would be about the
same as for Cu in Li, ,Cu, ,PO, in Reference Example 1.
(Charge-Discharge Test)

The solid electrolyte cell of Example 6 was subjected to a
charge-discharge test in the same manner as in Example 4.
The measurement results are shown in FIG. 10.

As shown in FIG. 10, although the discharge potential was
seento bedivided into 3V orhigher part and 2V or higher part,
the capacity was high enough and thus a practicable cell could
be obtained. Further, it has a high durability against repetition
of charging and discharging.

(Capacity of Positive Electrode Active Material in Reference
Example 1 and Examples 1 to 6)

In addition, for ease of comparing the capacities of the
positive electrode active materials, an initial capacity of the
positive electrode active material, which is calculated on the
basis of the discharging capacity upon the first charging and
discharging and the film density of the positive electrode
active material film, is shown in Table 1 for Reference
Example 1 and Examples 1 to 6. In Table 1, LiMPO is an
abbreviation for the lithium phosphate compound containing
Li, P, an element M (Ni, Co, Mn, Au, Ag, Pd or Cu) and O.

TABLE 1

Initial capacity of the positive

LiMPO electrode active material (mAh/g)
Ref Ex. 1 LiCuPO 129
Ex. 1 LiNiPO 250
Ex.2 LiMnPO 80
Ex. 3 LiAgPO 120
Ex. 4 LiCoPO 190
Ex. 5 LiAuPO 135
Ex. 6 LiPdPO 166

Comparative Example 1

A solid electrolyte cell was produced in the same manner as
in Reference Example 1 except that the positive electrode
active material film 40 was formed under the following film-
forming conditions.

(Positive Electrode Active Material Film)

The positive electrode active material film was formed by
the following sputtering apparatus under the following film-
forming conditions.

Sputtering apparatus (C-3103 by ANELVA)

Target composition: co-sputtering of Li;PO, and MgO
Target size: 6 inches

Sputtering gas: Ar (80%) +O, (20%) 20 sccm, 0.10 Pa
Sputtering power: Li,PO, 800 W (RF), MgO 1400 W (RF)
Film thickness: 180 nm

Comparative Example 2

A solid electrolyte cell was produced in the same manner as
in Reference Example 1 except that the positive electrode
active material film 40 was formed under the following film-
forming conditions.
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(Positive Electrode Active Material Film)

The positive electrode active material film was formed by
the following sputtering apparatus under the following film-
forming conditions.

Sputtering apparatus (C-3103 by ANELVA)

Target composition: co-sputtering of Li;PO, and V
Target size: 6 inches

Sputtering gas: Ar (80%) +O, (20%) 20 sccm, 0.10 Pa
Sputtering power: Li;PO, 1000 W (RF), V 650 W (RF)
Film thickness: 1870 nm

Comparative Example 3

A solid electrolyte cell was produced in the same manner as
in Reference Example 1 except that the positive electrode
active material film 40 was formed under the following film-
forming conditions.

(Positive Electrode Active Material Film)

The positive electrode active material film was formed by
the following sputtering apparatus under the following film-
forming conditions.

Sputtering apparatus (C-3103 by ANELVA)

Target composition: co-sputtering of Li;PO, and Cr
Target size: 6 inches

Sputtering gas: Ar (80%) +O, (20%) 20 sccm, 0.10 Pa
Sputtering power: Li;PO, 1000 W (RF), Cr 350 W (RF)
Film thickness: 190 nm

Comparative Example 4

A solid electrolyte cell was produced in the same manner as
in Reference Example 1 except that the positive electrode
active material film 40 was formed under the following film-
forming conditions.

(Positive Electrode Active Material Film)

The positive electrode active material film was formed by
the following sputtering apparatus under the following film-
forming conditions.

Sputtering apparatus (C-3103 by ANELVA)

Target composition: co-sputtering of Li; PO, and ZnO
Target size: 6 inches

Sputtering gas: Ar (80%) +O, (20%) 20 sccm, 0.10 Pa
Sputtering power: Li;PO, 1000 W (RF), ZnO 780 W (RF)
Film thickness: 240 nm

Comparative Example 5

A solid electrolyte cell was produced in the same manner as
in Reference Example 1 except that the positive electrode
active material film 40 was formed under the following film-
forming conditions.

(Positive Electrode Active Material Film)

The positive electrode active material film was formed by
the following sputtering apparatus under the following film-
forming conditions.

Sputtering apparatus (C-3103 by ANELVA)

Target composition: co-sputtering of Li; PO, and Ga,O,
Target size: 6 inches

Sputtering gas: Ar (80%) +O, (20%) 20 sccm, 0.10 Pa
Sputtering power: Li,PO, 1000 W (RF), Ga,O, 700 W (RF)
Film thickness: 220 nm

Comparative Example 6

A solid electrolyte cell was produced in the same manner as
in Reference Example 1 except that the positive electrode
active material film 40 was formed under the following film-
forming conditions.
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(Positive Electrode Active Material Film)

The positive electrode active material film was formed by
the following sputtering apparatus under the following film-
forming conditions.

Sputtering apparatus (C-3103 by ANELVA)

Target composition: co-sputtering of Li;PO, and In,O;
Target size: 6 inches

Sputtering gas: Ar (80%) +O, (20%) 20 sccm, 0.10 Pa
Sputtering power: Li;PO, 1000 W (RF), In,O; 470 W (RF)
Film thickness: 265 nm

Comparative Example 7

A solid electrolyte cell was produced in the same manner as
in Reference Example 1 except that the positive electrode
active material film 40 was formed under the following film-
forming conditions.

(Positive Electrode Active Material Film)

Sputtering apparatus (C-3103 by ANELVA)

Target composition: co-sputtering of Li; PO, and SnO,
Target size: 6 inches

Sputtering gas: Ar (80%) +O, (20%) 20 sccm, 0.10 Pa
Sputtering power: Li;PO, 1000 W (RF), SnO, 200 W (RF)
Film thickness: 240 nm

Comparative Example 8

A solid electrolyte cell was produced in the same manner as
in Reference Example 1 except that the positive electrode
active material film 40 was formed under the following film-
forming conditions.

(Positive Electrode Active Material Film)

The positive electrode active material film was formed by
the following sputtering apparatus under the following film-
forming conditions.

Sputtering apparatus (C-3103 by ANELVA)

Target composition: co-sputtering of Li; PO, and Sh
Target size: 6 inches

Sputtering gas: Ar (80%) +O, (20%) 20 sccm, 0.10 Pa
Sputtering power: Li;PO, 1000 W (RF), Sb 70 W (RF)
Film thickness: 230 nm

Comparative Example 9

A solid electrolyte cell was produced in the same manner as
in Reference Example 1 except that the positive electrode
active material film 40 was formed under the following film-
forming conditions.

The positive electrode active material film was formed by
the following sputtering apparatus under the following film-
forming conditions.

(Positive Electrode Active Material Film)

Sputtering apparatus (C-3103 by ANELVA)

Target composition: co-sputtering of Li; PO, and HfO,
Target size: 6 inches

Sputtering gas: Ar (80%) +O, (20%) 20 sccm, 0.10 Pa
Sputtering power: Li,PO, 1000 W (RF), HfO, 1000 W (RF)
Film thickness: 160 nm

Comparative Example 10

A solid electrolyte cell was produced in the same manner as
in Reference Example 1 except that the positive electrode
active material film 40 was formed under the following film-
forming conditions.

24

(Positive Electrode Active Material Film)

The positive electrode active material film was formed by
the following sputtering apparatus under the following film-
forming conditions.

Sputtering apparatus (C-3103 by ANELVA)

Target composition: co-sputtering of Li;PO, and W
Target size: 6 inches

Sputtering gas: Ar (80%) +O, (20%) 20 sccm, 0.10 Pa
Sputtering power: Li;PO, 1000 W (RF), W 150 W (RF)

0 Film thickness: 230 nm
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The solid electrolyte cells of Comparative Examples 1 to
10 were subjected to a charge-discharge test in the same
manner as in Example 1, and as a result, every one of them
was with extremely low capacity, which was only 1-10
mAh/g when converted to the positive electrode capacity.
This capacity was almost the same as a result of a charge-
discharge test which was conducted by sandwiching LiPON
alone between the electrodes. Thus, the lithium phosphate
compound containing Li, P, an element M (Mg, V, Cr, Zn, Ga,
In, Sn, Sb, Hf or W) and O was found not to have a function
as a positive electrode active material.

Test Example 1

A plurality of samples (solid electrolyte cells) in which the
composition ratios y and z of Li,Ni, PO, which makes up the
positive electrode active material film were varied was pro-
duced, and the capacities of the samples were measured.

The film configurations of the samples were the same as
one in Example 1. That is, polycarbonate substrate/SiN (50
nm)/Ti (100 nm)/Li Ni PO, (340 nm)/Li,PO, N, (400 nm)/
LiCoO, (10 nm)/Ni (200 nm)/UV-curing resin (20 um)/SiN
(50 nm).

Appropriately changing the sputtering power in the film-
forming conditions of the positive electrode active material
40 for each sample, a plurality of samples differing in the
composition ratio y of Ni and the composition ratio z of
oxygen of Li Ni PO, which makes up the positive electrode
active material film 40 was produced. Each of the plurality of
samples thus produced was charged and discharged under the
same conditions as in Example 1, and the charge and dis-
charge capacity at this time was determined for each sample.
The measurement results are shown in FIG. 11.

As shown in FIG. 11, when the composition ratio y of
Li Ni PO, which makes up the positive electrode active mate-
rial film 40 is less than 2 or more than 10, the energy density
becomes the half of the peak. Thus, the composition ratio y of
Ni of Li,Ni PO, was found to be desirable to be 2 or more and
10 or less. Further, FIG. 12 shows the composition ratio z of
oxygen which was plotted for this case. FIG. 13 shows a
graph, plotted in such a manner that the composition of Ni
when assuming the composition of P as 1 is taken along the
abscissa, and the composition of O when assuming the com-
position of P as 1 is taken along the ordinate. The following
can be seen from the graph. When the composition of Ni
increased, the composition of oxygen increased along with
this increase. The composition of oxygen becomes the opti-
mal amount corresponding to the compositions of Ni and P.

Test Example 2

A plurality of samples (solid electrolyte cells) in which the
composition ratio y of copper of Li, Cu PO, which makes up
the positive electrode active material film 40 was varied was
produced, and the capacities of the samples were measured.

The film configurations of the samples were the same as
one in Example 1. That is, the film configurations were poly-
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carbonate substrate/SCZ (50 nm)/Ti (100 nm)/Li,Cu, PO,
(350 nm)/Li,PO,N_ (400 nm)/LiCoO, (10 nm)/Ti (200 nm)/
UV-curing resin (20 pm)/SCZ (50 nm).

Appropriately changing the sputtering power in the film-
forming conditions of the positive electrode active material
40 for each sample, a plurality of samples differing in the
composition ratio y of copper of Li,Cu, PO, which makes up
the positive electrode active material film 40 was produced.
Each of the plurality of samples thus produced was charged
and discharged under the same conditions as in Example 1,
and the charge and discharge capacity at this time was deter-
mined for each sample. The measurement results are shown in
FIG. 14.

As shown in FIG. 14, when the composition ratio y of
copper of Li,Cu, PO, which makes up the positive electrode
active material film 40 decreases below 1.0, the capacity
would decrease sharply. Thus, the composition ratio y of
copper of Li,Cu, PO, which makes up the positive electrode
active material film 40 was confirmed to be desirable to be 1.0
or more. In addition, the capacity increased when the com-
position ratio y of copper was 1.0 or more and 2.2 or less, and
the capacity per unit weight decreased when the composition
ratio y of copper became more than around 2.2. This is
because while an increase in the composition ratio y of copper
in the positive electrode active material raised the weight
density, it lowered the composition ratio x of lithium which
can be contained in the positive electrode active material.
Further, when the composition ratio y of copper exceeds 4.0,
the capacity becomes equal to or less than a half of the
capacity at the composition ratio y of copper around y=2.2,
where the maximum capacity can be obtained. Thus, the
composition ratio y of copper of Li,Cu, PO, was found to be
desirable to be 1.0=sy=4.0.

Test Example 3

The limit of the composition ratio x of lithium of Li,-
Cu, PO, was studied as will be described in the following.
<Sample 1>

First, a solid electrolyte cell of Sample 1 was produced.
This solid electrolyte cell has the following film configura-
tion, in which, a Ti film as a positive electrode side current
collector film, a Li, ,Cu, sPO, film as a positive electrode
active material film, a Li; PO, film as a solid electrolyte film,
a Cu film and a Ti film as negative electrode side current
collector films are stacked, in this order, on a Si substrate with
SiO, film. In addition, this solid electrolyte cell does not have
anegative electrode active material at the time of production,
but by charging, Li is deposited on an interface on the nega-
tive electrode side of the solid electrolyte layer and is utilized
as the negative electrode active material.

(Film Configuration of Solid Electrolyte Cell)

Si substrate with SiO, film/Ti (100 nm)/Li, ,Cu, (PO,
(362 nm)/Li,PO, (546 nm)/Cu (20 nm)/Ti (100 nm)

The solid electrolyte cell of Sample 1 was produced as
follows. That is, a metallic mask was disposed on Si substrate
with SiO, film, and then in a predetermined region, the Ti film
as the positive electrode side current collector film, the
Li, ,Cu, PO, film as the positive electrode active material
film, the Li,PO, film as the solid electrolyte film, the Cu film
and the Ti film as the negative electrode side current collector
films were formed in this order. The solid electrolyte cell of
Sample 1 was thus obtained. It should be noted that there is no
annealing process during the production of this solid electro-
lyte cell.
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(Positive Electrode Side Current Collector Film)

The positive electrode side current collector film was
formed by the following sputtering apparatus under the fol-
lowing film-forming conditions.

Sputtering apparatus (SMO-01 special model by ULVAC,
Inc.)

Target composition: Ti

Target size: ®4 inches

Sputtering gas: Ar 70 sccm, 0.45 Pa

Sputtering power: 1000 W (DC)

Film thickness: 100 nm

(Positive Electrode Active Material Film)

The positive electrode active material film was formed by
the following sputtering apparatus under the following film-
forming conditions.

Sputtering apparatus (SMO-01 special model by ULVAC,
Inc.)

Target composition: co-sputtering of Li;PO, and Cu

Target size: ®4 inches

Sputtering gas: Ar (80%) +O, (20%) 20 sccm, 0.20 Pa
Sputtering power: Li;PO, 600 W (RF), Cu 60 W (DC)

Film thickness: 362 nm

(Solid Electrolyte Film)

The solid electrolyte film was formed by the following
sputtering apparatus under the following film-forming con-
ditions.

Sputtering apparatus (SMO-01 special model by ULVAC,
Inc.)

Target composition: Li,PO,

Target size: ®4 inches

Sputtering gas: Ar (80%) +O, (20%) 20 sccm, 0.20 Pa
Sputtering power: 600 W (RF)

Film thickness: 546 nm

(Negative Electrode Side Current Collector Film) (Cu Film)

The Cu film was formed by the following sputtering appa-
ratus under the following film-forming conditions. Sputtering
apparatus (SMO-01 special model by ULVAC, Inc.)

Target composition: Cu

Target size: ®4 inches

Sputtering gas: Ar 70 sccm, 0.45 Pa
Sputtering power: 1000 W (DC)
Film thickness: 20 nm

(Ti Film)

Sputtering apparatus (SMO-01 special model by ULVAC,
Inc.)

Target composition: Ti

Target size: ®4 inches

Sputtering gas: Ar 70 sccm, 0.45 Pa
Sputtering power: 1000 W (DC)
Film thickness: 100 nm
(Charge-Discharge Test)

The solid electrolyte cell of Sample 1 was subjected to a
charge-discharge test. Charging was performed at a charge
current of 50 pA and a charge cutoff voltage of 5V. Discharg-
ing was performed at a discharge current of 50 pA and a
discharge cutoff voltage of 2V. FIG. 15 shows the charge-
discharge curves.

In this measurement result, the positive electrode capacity
as calculated assuming that the film density of the positive
electrode active material film was 3.26 g/cc was shown to be
approximately 130 mAh/g.
<Sample 2>

Next, a solid electrolyte cell of Sample 2 was produced.
This solid electrolyte cell is one that has the following film
configuration, in which, a Ti film as a positive electrode side
current collector film, a Li, ,Cu, (PO, film as a positive elec-



US 9,362,547 B2

27

trode active material film, a Li;PO, film as a solid electrolyte
film and a Li film are stacked, in this order, on a Si substrate
with SiO, film.

(Film Configuration of Solid Electrolyte Cell)

Si substrate with SiO, film/Ti (100 nm)/Li, ,Cu, (PO,
(362 nm)/Li;,PO, (546 nm)/Li (1500 nm)

The solid electrolyte cell of Sample 2 was produced as
follows. That is, a metallic mask was disposed on Si substrate
with SiO, film, and then in a predetermined region, the Ti film
as the positive electrode side current collector film, the
Li, ,Cu, (PO, film as the positive electrode active material
film, the Li;PO, film as the solid electrolyte film and the Li
film were formed in this order, under the following film-
forming conditions. The solid electrolyte cell of Sample 2
was thus obtained. It should be noted that there is no anneal-
ing process during the production of this solid electrolyte cell.
(Film-Forming Conditions)

The film-forming conditions for the Ti film, the
Li, ,Cu, (PO, film and the Li PO, film were the same as for
Sample 1. The Li film was formed under the following film-
forming conditions.

(Li Film)

Bell-jar type resistance heating evaporation apparatus
Deposition source: Li

Deposition rate: 5.08 nny/sec, ultimate vacuum: 0.004 Pa
Film thickness: 1500 nm

The produced solid electrolyte cell of Sample 2 was sub-
jected to the following charging and discharging, for actively
inserting i, into the Li, ,Cu, (PO, film at the time of pro-
duction.

(First Charging and Discharging)

First, the first charging and discharging was carried out.
Charging was performed at a charge current of 50 pA and a
charge cutoff voltage of 5.5V. Discharging was performed at
a discharge current of 50 pA and a discharge cutoff voltage of
2V. The charge-discharge curves at this time are shown in
FIG. 16.

In this charging and discharging, the positive electrode
capacity as calculated assuming that the film density of the
positive electrode active material film was 3.26 g/cc was
shown to be approximately 140 mAh/g. That is, it was shown
that the positive electrode capacity in the first discharging was
almost the same as that in the case where the Li film was not
formed (Sample 1), and thus, it was confirmed that Liinthe Li
film had not moved to the positive electrode side, after the first
discharging.

(Discharging for Active Insertion of Li)

Next, discharging was performed, and thus Liof'the Li film
equivalent to approximately 4 uAh/cm® was actively inserted
into the Li, ,Cu, PO, film. The discharge curve at this time is
shown in FIG. 17.

(Second Charging and Discharging)

Next, the second charging and discharging was carried out.
Charging was performed at a charge current of 50 pA and a
charge cutoff voltage of 5.5V. Discharging was performed at
a discharge current of 50 pA and a discharge cutoff voltage of
1.8V. The charge-discharge curves at this time are shown in
FIG. 18.

As shown in FIG. 18, the charging capacity in the second
charging was 20.8 pAb/cm®. This charging capacity is
equivalent to the total of the discharging capacity in the first
discharging (16.8 pAh/cm?) and the discharging capacity in
the discharging for actively inserting Li (4 uAh/cm?). That is,
it can be confirmed that [.i was taken out of the i, Cu, PO,
film, by the second charging, and that the total Li of “the
amount of Liinthe Li, ,Cu, (PO, film (hereinafter referred to
as “the amount of Li at the time of production”)” and “the
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amount of Li inserted by the discharging for actively inserting
Li” had moved to the negative electrode side.

In addition, the discharging capacity in the second dis-
charging was shown to be 24.3 pAh/cm?. This discharging
capacity is equivalent to the “charging capacity in the second
charging (20.8 pAh/cm?®)+3.5 pAh/cm®”. That is, it can be
confirmed that the total Li of “the amount of Li at the time of
production”, “the amount of Li inserted by the discharging for
actively inserting Li” and “the amount of Li equivalent to 3.5
pAh/cm? (the amount of Li further inserted by the second
discharging)” had moved to the positive electrode side, from
the negative electrode side, by the second discharging.
(Third Charging and Discharging)

Next, the third charging and discharging was carried out.
Charging was performed at a charge current of 50 A and a
charge cutoff voltage of 5.5V. Discharging was performed at
adischarge current of 50 pA and a discharge cutoff voltage of
1.6V. FIG. 19 shows the charge-discharge curves.

As shown in FIG. 19, the charging capacity in the third
charging was 24.5 nAh/cm?®. This charging capacity is sub-
stantially equivalent to the discharging capacity in the second
discharging (24.3 pAh/cm?). That is, it can be confirmed that
Li was taken out of the Li, Cu, (PO, film, by the third charg-
ing, and that the total Li of “the amount of Li at the time of
production”, “the amount of Li inserted by the discharging for
actively inserting [.i” and “the amount of Li further inserted
by the second discharging” had moved to the negative elec-
trode side.

In addition, the discharging capacity in the third discharg-
ing was shown to be 28.9 pAh/cm?. This discharging capacity
is equivalent to the “charging capacity in the third charging
(24.5 uAh/cm?®)+4.4 pAh/cm™”. That is, it can be confirmed
that the total Li of “the amount of Li at the time of produc-
tion”, “the amount of Li inserted by the discharging for
actively inserting [.i”, “the amount of Li further inserted by
the second discharging” and “the amount of Li equivalent to
4.4 pAh/cm? (the amount of Li further inserted by the third
discharging)” had moved to the positive electrode side, from
the negative electrode side, by the third discharging.

(Fourth Charging and Discharging)

Then, after charging under conditions where a charge cur-
rent was 50 LA and a charge cutoff voltage was 5.5V, dis-
charging was performed at a discharge current of 50 pA until
the discharging capacity reached 50.0 pAh/cm?. The charge-
discharge curves at this time are shown in FIG. 20.

As shown in FIG. 20, the charging capacity in the fourth
charging was 28.9 pAh/cm®. This charging capacity is
equivalent to the discharging capacity in the third discharg-
ing. That is, it can be confirmed that Li was taken out of the
Li,Cu, PO, film, by the fourth charging, and that the amount
of'Li that had moved to the positive electrode side by the third
discharging had moved to the negative electrode side.

In addition, the discharging capacity of 50.0 pAh/cm? in
the fourth discharging is equivalent to the “charging capacity
in the fourth charging (28.9 pAh/cm?®)+21.1 pAh/cm®”. That
is, it can be confirmed that the total Li of “the amount of Li at
the time of production”, “the amount of Li inserted by the
discharging for actively inserting [i”, “the amount of Li
further inserted by the third discharging” and “the amount of
Li equivalent to 21.1 pAh/cm® (the amount of Li further
inserted by the fourth discharging)” had moved to the positive
electrode side, from the negative electrode side, by the fourth
discharging.

(Fifth Charging and Discharging)

Finally, charging was performed under conditions where a
charge current was 50 pA and a charge cutoff voltage was
6.0V, and discharging was performed under conditions where
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a discharge current was 50 pA and a discharge cutoff voltage
was 1.0V. FIG. 21 shows the charge-discharge curves.

Further, for the fifth discharging, FIGS. 22A and 22B show
discharge curves in which the specific capacity (mAh/g) and
the composition ratio x of lithium of Li Cu, (PO, are taken
along their respective abscissae. As shown in FIG. 22, this
amorphous positive electrode active material ingredient of
Li,Cu, (PO, could be shown to be a high-capacity positive
electrode active material component in which Li can be
inserted up to x=7 approximately. In addition, the discharge
curves were able to be divided into regions 0f2.9t0 2.0V, 1.8
to 1.3V, and of 1.2V.

Test Example 4

The limit of the composition ratio x of lithium of Li -
Ni PO, was studied as will be described in the following.
<Sample 3>

First, a solid electrolyte cell of Sample 3 was produced.
This solid electrolyte cell is one that has the following film
configuration, in which, a Ti film as a positive electrode side
current collector film, a Li, ,Nig ,POg, film as a positive
electrode active material film, a Li;PO, film as a solid elec-
trolyte film and a Li film are stacked, in this order, on a Si
substrate with SiO, film.

Si substrate with SiO, film/T1 (100 nm)/78 Li, ,Nig ;PO
(329 nm)/Li,PO, (546 nm)/Li (1000 nm)

The solid electrolyte cell of Sample 3 was produced as
follows. That is, a metallic mask was disposed on Si substrate
with SiO, film, and then in a predetermined region, the Ti film
as the positive electrode side current collector film, the
Li, ,Nig oPOg , film as the positive electrode active material
film, the Li,PO,, film as the solid electrolyte film and the Li
film were formed in this order. The solid electrolyte cell of
Sample 3 was thus obtained. It should be noted that there is no
annealing process during the production of this solid electro-
lyte cell.

(Positive Electrode Side Current Collector Film)

The positive electrode side current collector film was
formed by the following sputtering apparatus under the fol-
lowing film-forming conditions.

Sputtering apparatus (SMO-01 special model by ULVAC,
Inc.)

Target composition: Ti

Target size: ®4 inches

Sputtering gas: Ar 70 sccm, 0.45 Pa

Sputtering power: 1000 W (DC)

Film thickness: 100 nm

(Positive Electrode Active Material Film)

The positive electrode active material film was formed by
the following sputtering apparatus under the following film-
forming conditions.

Sputtering apparatus (SMO-01 special model by ULVAC,
Inc.)

Target composition: co-sputtering of Li;PO, and Ni

Target size: ®4 inches

Sputtering gas: Ar (80%) +O, (20%) 20 sccm, 0.20 Pa
Sputtering power: Li;PO, 600 W (RF), Ni 150 W (DC)
Film thickness: 329 nm

(Solid Electrolyte Film)

The solid electrolyte film 50 was formed by the following
sputtering apparatus under the following film-forming con-
ditions.

Sputtering apparatus (SMO-01 special model by ULVAC,
Inc.)

Target composition: Li;PO,

Target size: ®4 inches
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Sputtering gas: Ar (80%) +O, (20%) 20 sccm, 0.20 Pa
Sputtering power: 600 W (RF)
Film thickness: 400 nm
(Li Film)
Bell-jar type resistance heating evaporation apparatus
Deposition source: Li
Deposition rate: 5.08 nm/sec, ultimate vacuum: 0.004 Pa
Film thickness: 1000 nm

In Sample 3, after production, Li of the Li film was actively
inserted into the Li, ,Ni; ;PO , film with a repetition of
charging and discharging in the same manner as in Test
example 3, and finally, discharge curves, in which the specific
capacity (mAh/g) and the composition ratio x of lithium of
Li,Cu, PO, are taken along their respective abscissae, were
to be obtained. These discharge curves are shown in FIGS.
23A and 23B.

As shown in FIG. 23, this Li, Cu, ;PO , could be shown to
be a high-capacity positive electrode active material compo-
nent in which Li can be inserted up to x=8 approximately.

Examples 7 and 8, Reference Example 2
Example 7

A solid electrolyte cell was produced in the same manner as
in Example 1 except that the positive electrode active material
film 40 and the negative electrode potential formation layer
64 were formed under the following film-forming conditions.
(Positive Electrode Active Material Film)

The positive electrode active material film was formed by
the following sputtering apparatus under the following film-
forming conditions.

Sputtering apparatus (C-3103 by ANELVA)

Target composition: co-sputtering of Li; PO, LiNiO, and Cu
Target size: 6 inches

Sputtering gas: Ar (80%) +O, (20%) 15 sccm, 0.20 Pa
Sputtering power: Li;PO, 700 W (RF), LiNiO, 700 W (RF),
Cu 21 W (DC)

Film thickness: 300 nm

(Negative Electrode Potential Formation Layer 64)

The negative electrode potential formation layer 64 was
formed by the following sputtering apparatus under the fol-
lowing film-forming conditions.

Sputtering apparatus (C-3103 by ANELVA)

Target composition: LiNiO,

Target size: 6 inches

Sputtering gas: (Ar 80%+0, 20% mixture gas) 15 sccm, 0.20
Pa

Sputtering power: 1000 W (RF)

Film thickness: 6 nm

Example 8

A solid electrolyte cell was produced in the same manner as
in Example 1 except that the positive electrode active material
film 40 and the negative electrode potential formation layer
64 were formed under the following film-forming conditions.
(Positive Electrode Active Material Film)

The positive electrode active material film was formed by
the following sputtering apparatus under the following film-
forming conditions.

Sputtering apparatus (C-3103 by ANELVA)

Target composition: co-sputtering of Li;PO, and LiNiO,
Target size: 6 inches

Sputtering gas: Ar (80%) +O, (20%) 15 sccm, 0.20 Pa
Sputtering power: Li;PO, 700 W (RF), LiNiO, 700 W (RF)
Film thickness: 300 nm
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(Negative Electrode Potential Formation Layer 64)

The negative electrode potential formation layer 64 was
formed by the following sputtering apparatus under the fol-
lowing film-forming conditions.

Sputtering apparatus (C-3103 by ANELVA)

Target composition: LiNiO,

Target size: 6 inches

Sputtering gas: (Ar 80%+0, 20% mixture gas) 15 sccm, 0.20
Pa

Sputtering power: 1000 W (RF)

Film thickness: 5 nm

Reference Example 2

A solid electrolyte cell was produced in the same manner as
in Example 1 except that the positive electrode active material
film 40 was formed under the following film-forming condi-
tions.

(Positive Electrode Active Material Film)

The positive electrode active material film was formed by
the following sputtering apparatus under the following film-
forming conditions.

Sputtering apparatus (C-3103 by ANELVA)

Target composition: co-sputtering of Li;PO, and Cu
Target size: 6 inches

Sputtering gas: Ar (80%) +O, (20%) 20 sccm, 0.20 Pa
Sputtering power: Li;PO, 1000 W (RF), Cu 54 W (DC)
Film thickness: 300 nm

(Charge-Discharge Test)

Each of the solid electrolyte cells of Examples 7, 8 and
Reference Example 2, was subjected to a charge-discharge
test. Charging was performed at the charge current given
(Example 7: 90 pA (8.8 C), Example 8: 64 pA (6.2 C),
Reference Example 2: 32 pA (4.9 C)). Discharging was per-
formed at the discharge current given (Example 7: 90 pA (8.8
C), Example 8: 64 pA (6.2 C), Reference Example 2: 32 pA
(4.9 C)). Each charge cutoff voltage and discharge cutoff
voltage was set to a predetermined voltage for each of the
Examples and Reference Example as appropriate. Repeating
the above charging and discharging, the discharging capacity
(ratio of the discharging capacity to the initial capacity (dis-
charging capacity in the first discharging)) was plotted
against the number of charge-discharge. The measurement
results are shown in FIG. 24. In FIG. 24, the line a shows the
measurement result of Example 7, the line b shows the mea-
surement result of Example 8, and the line ¢ shows the mea-
surement result of Reference Example 2. In FIG. 24, LiCuPO
is an abbreviation for the lithium phosphate compound con-
taining Li, P, Cu and O. LiNiPO is an abbreviation for the
lithium phosphate compound containing Li, P, Ni and O.
LiNiCuPO is an abbreviation for the lithium phosphate com-
pound containing Li, P, Cu, Ni and O.

As shown in FIG. 24, Example 7, in which the positive
electrode active material film was made up with a lithium
phosphate compound containing Cu and Ni as elements other
than Li, P and O, is superior in durability (charge-discharge
cycle characteristics) compared to Example 8 or Reference
Example 2, in which the positive electrode active material
film was made up with a lithium phosphate compound con-
taining Cu alone as an element other than Li, P and O, or a
lithium phosphate compound containing Ni alone as an ele-
ment other than Li, P and O. That is, the lithium phosphate
compound containing two appropriate metal elements as ele-
ments other than Li, P and O was confirmed to be a positive
electrode active material with better characteristics.
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Examples 9 to 12

Example 9

A solid electrolyte cell was produced in the same manner as
in Example 1 except that the positive electrode active material
film 40 was formed under the following film-forming condi-
tions. In the positive electrode active material film to be
formed, the composition of Al may be one such that an
amount of Al proportional to the sputtering power was added.
In this case, the sputtering power for Al was about % of the
sputtering power for Ni, and thus Al of about Y4 of Ni is
considered to have been added to the positive electrode active
material film.

(Positive Electrode Active Material Film)

The positive electrode active material film was formed by
the following sputtering apparatus under the following film-
forming conditions.

Sputtering apparatus (SMO-01 special model by ULVAC,
Inc.)

Target composition: co-sputtering of Li;PO,, Ni and Al
Target size: ®4 inches

Sputtering gas: Ar (80%) +O, (20%) 20 sccm, 0.20 Pa
Sputtering power: Li;PO, 600 W (RF), Ni 130 W (DC), A130
W (DC)

Film thickness: 640 nm

(Charge-Discharge Test)

The solid electrolyte cell of Example 9 was subjected to a
charge-discharge test in the same manner as in Example 4.
The charge-discharge curves are shown in FIG. 25. In FIG.
25, the lines t, to t, each show the charge curve or discharge
curve obtained under the following charge-discharge condi-
tions.

Line t,: charge current 200 pA (15 C), charge cutoff voltage
5V,

Line t,: discharge current 200 pA (15 C), discharge cutoff
voltage 2V;

Line t5: charge current 200 pA (15 C), charge cutoff voltage

Line t,: discharge current 1400 pA (100 C), discharge cutoff
voltage 1.5V.

As indicated by the discharge curve of 15 C and the dis-
charge curve of 100 C, in the lithium phosphate compound
containing Li, P, Ni, the additive element M3 (Al) and O, the
discharge rate was very high. Further, a sufficiently high
discharge voltage was being maintained even during the fast
discharge of 100 C, the discharging capacity about the same
as the charging capacity was obtained, and good charge-
discharge efficiency was being maintained also in the fast
discharge.

Example 10

A solid electrolyte cell was produced in the same manner as
in Example 1 except that the positive electrode active material
film 40 was formed under the following film-forming condi-
tions.

(Positive Electrode Active Material Film)

The positive electrode active material film was formed by
the following sputtering apparatus under the following film-
forming conditions.

Sputtering apparatus (SMO-01 special model by ULVAC,
Inc.)

Target composition: co-sputtering of Li;PO, and Ni

Target size: ®4 inches

Sputtering gas: Ar (80%) +O, (20%) 20 sccm, 0.20 Pa
Sputtering power: Li;PO, 600 W (RF), Ni 150 W (DC)
Film thickness: 330 nm
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The solid electrolyte cell of Example 10 was subjected to a
charge-discharge test. Charging was performed at low rate as
in Example 9. Since the film thickness of the positive elec-
trode active material of Example 10 is smaller than that of
Example 9, and the impedance in Example 10 is higher, the
charge current was set to 50 pA. To this charge current, the
discharge current was varied in three types, which were 50
LA, 300 pA and 800 pA. Each of these is equivalent to about
5C,30C and 80 C, in this order. The charge-discharge curves
are shown in FIG. 26. In FIG. 26, the lines h, to h, each show
the charge curve or discharge curve obtained under the fol-
lowing charge-discharge conditions.

Lineh,: charge current 50 pA (5 C), charge cutoff voltage 5V;
Line h,: discharge current 50 pA (5 C), discharge cutoff
voltage 2V;

Line h;: charge current 50 pA (5 C), charge cutoff voltage 5V;
Line h,: discharge current 300 pA (30 C), discharge cutoff
voltage 2V;

Line hs: charge current 50 pA (5 C), charge cutoff voltage
5.5V,

Line hg: discharge current 800 pA (80 C), discharge cutoff
voltage 1.4V.

As shown in FIG. 26, in the discharging of up to the
equivalent of 30 C, the discharge voltage was stable during
discharging, which provides practicality. However, in the dis-
charging of 80 C, a phenomenon in which the potential
becomes decreased to almost 2V in the early stage of dis-
charging, and the potential increases slightly when the dis-
charging progresses, was observed. This was caused by a
potential drop due to the internal impedance. Since the film
thickness of the positive electrode active material in Example
10 was smaller than Example 9, Example 10 was in a situation
less likely to be affected by the impedance. In this situation,
the result was that there was a larger potential drop in
Example 10. That is, by a comparison of Example 9 which
used the lithium phosphate compound containing Li, P, Ni,
the additive element M3 (Al) and O, and Example 10 which
used the lithium phosphate compound containing Li, P, Ni
and O; an effect of allowing a lithium phosphate compound to
contain the additive element M3 (Al) in addition to Ni could
be clearly observed.

Example 11

A solid electrolyte cell was produced in the same manner as
in Example 1 except that the positive electrode active material
film 40 was formed under the following film-forming condi-
tions. In Example 11, a target being used in place of Li;PO,
was one that has the same composition of Al, Ti, P and O as in
LATP (Li, 5Al, 5Ti, 5 (PO,);), which is known as a typical
solid electrolyte. That is, a sintered body of (Li;PO,);
Al ;Ti, , was used. Ti and Al were thus added into a lithium
phosphate compound containing Li, P, Ni and O, and as the
composition of Ni was at least twice larger, up to ten times
larger than P, both Ti and Al were added in a trace amount.
Besides, as the amount of Al was equal to or less than %5 of the
amount of Ti, Ti was the main additive in the lithium phos-
phate compound which makes up the positive electrode active
material film 40 of Example 11.

(Positive Electrode Active Material Film)

The positive electrode active material film was formed by
the following sputtering apparatus under the following film-
forming conditions.

Sputtering apparatus (SMO-01 special model by ULVAC,
Inc.)

Target composition: co-sputtering of (Li;PO,);Al,;Ti, ,
(LATP) and Ni
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Target size: ®4 inches
Sputtering gas: Ar (80%) +O, (20%) 20 sccm, 0.20 Pa
Sputtering power: LATP 600 W (RF), Ni 150 W (DC)
Film thickness: 74 nm
(Intermittent Charging and Discharging)

At the time of charging and discharging, intermittent
charging and discharging was carried out, and changes in the
potential at OCV (open circuit voltage) were observed. The
conditions thereof were as follows. After the cell was charged
or discharged (CC current driven) for 30 seconds, the charge
current or discharge current was stopped, and in that state, the
potential was measured for 5 minutes. Subsequently, a charge
current or discharge current was allowed to flow, and was
stopped after 30 seconds. This was repeated successively
until the termination conditions of charging or discharging.
At this time, a change in the potential after the current was
stopped is considered to be the internal resistance (internal
impedance) that was applied to the inside of the battery during
charging or discharging, which would be one of the causes of
decrease in the discharge voltage. That is, a smaller internal
resistance results in higher discharge potential and thus is
desirable for practical use. FIG. 27 shows the charge-dis-
charge curves for Example 11.

As shown in FIG. 27, the change in the potential at OCV
when the charge and discharge current was stopped was par-
ticularly small in the early stage of charging and especially
near the termination of discharging. From that the internal
impedance was low, the advantages that the energy loss due to
Joule heat is small during charging, and that the discharge
voltage is high during discharging, were able to be confirmed.

Example 12

A solid electrolyte cell was produced in the same manner as
in Example 1 except that the positive electrode active material
film 40 was formed under the following film-forming condi-
tions.

(Positive Electrode Active Material Film)

The positive electrode active material film was formed by
the following sputtering apparatus under the following film-
forming conditions.

Sputtering apparatus (SMO-01 special model by ULVAC,
Inc.)

Target composition: co-sputtering of Li;PO, and Ni

Target size: ®4 inches

Sputtering gas: Ar (80%) +O, (20%) 20 sccm, 0.20 Pa
Sputtering power: Li,PO, 600 W (RF), Ni 150 W (DC)
Film thickness: 94 nm

(Intermittent Charging and Discharging)

Intermittent charging and discharging was carried out
under the same conditions as in Example 11, and changes in
the potential at OCV (open circuit voltage) were observed.
FIG. 28 shows the charge-discharge curves for Example 12.
As shown in FIG. 28, it was clear that the change in voltage at
the time of the intermittent charging and discharging was
larger, and that the internal impedance was higher, in
Example 12, compared to Example 10. Further, this resulted
in lowering of the discharge potential by about 0.5V on the
whole. Therefore, by a comparison of Example 11 which used
the lithium phosphate compound containing Li, P, Ni, the
additive elements M3 (Al and Ti) and O, and Example 12
which used the lithium phosphate compound containing Li, P,
Ni and O; an effect of allowing a lithium phosphate com-
pound to contain the additive elements M3 (Al and Ti) in
addition to Ni could be clearly observed.
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Reference Example 3, Examples 13 to 15
Reference Example 3

The negative electrode potential formation layer 64 was
not formed. The positive electrode active material film was
formed under the following film conditions. Except the
above, a solid electrolyte cell was produced in the same
manner as in Example 1.

(Positive Electrode Active Material Film)

The positive electrode active material film was formed by
the following sputtering apparatus under the following film-
forming conditions.

Sputtering apparatus (SMO-01 special model by ULVAC,
Inc.)

Target composition: co-sputtering of Li;PO, and Cu

Target size: ®4 inches

Sputtering gas: Ar (80%) +O, (20%) 20 sccm, 0.20 Pa
Sputtering power: Li;PO, 1 kW (RF), Cu 65 W (DC)

Film thickness: 300 nm

Example 13

A solid electrolyte cell was produced in the same manner as
in Reference Example 3 except that the positive electrode
active material film 40 was formed under the following film-
forming conditions.

(Positive Electrode Active Material Film)

The positive electrode active material film was formed by
the following sputtering apparatus under the following film-
forming conditions.

Sputtering apparatus (SMO-01 special model by ULVAC,
Inc.)

Target composition: co-sputtering of Li;PO,, Cu and ZnO
Target size: ®4 inches

Sputtering gas: Ar (80%) +O, (20%) 20 sccm, 0.20 Pa
Sputtering power: Li;PO, 1 kW (RF), Cu 43 W (DC), ZnO
380 W (RF)

Film thickness: 300 nm

Example 14

A solid electrolyte cell was produced in the same manner as
in Reference Example 3 except that the positive electrode
active material film 40 was formed under the following film-
forming conditions.

(Positive Electrode Active Material Film)

The positive electrode active material film was formed by
the following sputtering apparatus under the following film-
forming conditions.

Sputtering apparatus (SMO-01 special model by ULVAC,
Inc.)

Target composition: co-sputtering of Li;PO,, Cu and Pd
Target size: ®4 inches

Sputtering gas: Ar (80%) +O, (20%) 20 sccm, 0.20 Pa
Sputtering power: Li;PO, 1 kW (RF), Cu 43 W (DC), Pd 50
W (RF)

Film thickness: 300 nm

Example 15

A solid electrolyte cell was produced in the same manner as
in Reference Example 3 except that the positive electrode
active material film 40 was formed under the following film-
forming conditions.
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(Positive Electrode Active Material Film)

The positive electrode active material film was formed by
the following sputtering apparatus under the following film-
forming conditions.

Sputtering apparatus (SMO-01 special model by ULVAC,
Inc.)

Target composition: co-sputtering of Li;PO,, Cu and Au
Target size: ®4 inches

Sputtering gas: Ar (80%) +O, (20%) 20 sccm, 0.20 Pa
Sputtering power: Li,PO, 1 kW (RF), Cu43 W (DC), Au 60
W (RF)

Film thickness: 300 nm

(Charge-Discharge Test)

Each of the solid electrolyte cells of Examples 13 to 15 and
Reference Example 3, was subjected to a charge-discharge
test. Charging was performed at a charge current of 32 pA,
and discharging was performed at a discharge current of 32
LA, Each charge cutoft voltage and discharge cutoff voltage
was set to a predetermined voltage for each of the Examples
and Reference Example as appropriate. Repeating the above
charging and discharging, the discharging capacity (ratio of
the discharging capacity to the initial capacity) was plotted
against the number of charge-discharge. The measurement
results are shown in FIG. 29.

As shown in FIG. 29, Example 14, in which the positive
electrode active material film was made up with a lithium
phosphate compound containing Li, P, Ni, Auand O, was with
good repetitive charge-discharge characteristics (charge-dis-
charge cycle characteristics) compared to Reference
Example 3, in which the positive electrode active material
film was made up with a lithium phosphate compound con-
taining Li, P and Cu. Example 15, in which the positive
electrode active material film was made up with a lithium
phosphate compound containing Li, P, Cu, Pd and O, was
with larger initial capacity and good repetitive charge-dis-
charge characteristics (charge-discharge cycle characteris-
tics) compared to the Example in which the positive electrode
active material film was made up with a lithium phosphate
compound containing Li, P, Cu and O. Further, Example 13,
in which the positive electrode active material film was made
up with a lithium phosphate compound containing Li, P, Cu,
Zn (the additive element M3) and O, was with good repetitive
charge-discharge characteristics (charge-discharge cycle
characteristics) compared to the Reference Example, in
which the positive electrode active material film was made up
with a lithium phosphate compound containing Li, P, Cu and
0.

Examples 16 to 23
Example 16

A solid electrolyte cell was produced in the same manner as
in Reference Example 3 except that the positive electrode
active material film 40 was formed under the following film-
forming conditions.

(Positive Electrode Active Material Film)

The positive electrode active material film was formed by
the following sputtering apparatus under the following film-
forming conditions.

Sputtering apparatus (SMO-01 special model by ULVAC,
Inc.)

Target composition: co-sputtering of Li;PO,, Cuand V
Target size: ®4 inches

Sputtering gas: Ar (80%) +O, (20%) 20 sccm, 0.20 Pa
Sputtering power: Li;PO, 1 kW (RF), Cu 43 W (DC), V 650
W (RF)

Film thickness: 300 nm
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Example 17

A solid electrolyte cell was produced in the same manner as
in Reference Example 3 except that the positive electrode
active material film 40 was formed under the following film-
forming conditions.

(Positive Electrode Active Material Film)

The positive electrode active material film was formed by
the following sputtering apparatus under the following film-
forming conditions.

Sputtering apparatus (SMO-01 special model by ULVAC,
Inc.)

Target composition: co-sputtering of Li;PO,, Cu and Cr
Target size: ®4 inches

Sputtering gas: Ar (80%) +O, (20%) 20 sccm, 0.20 Pa
Sputtering power: Li;PO, 1 kW (RF), Cu43 W (DC), Cr300
W (RF)

Film thickness: 300 nm

Example 18

A solid electrolyte cell was produced in the same manner as
in Reference Example 3 except that the positive electrode
active material film 40 was formed under the following film-
forming conditions.

(Positive Electrode Active Material Film)

The positive electrode active material film was formed by
the following sputtering apparatus under the following film-
forming conditions.

Sputtering apparatus (SMO-01 special model by ULVAC,
Inc.)

Target composition: co-sputtering of Li;PO,, Cu and HfO,
Target size: ®4 inches

Sputtering gas: Ar (80%) +O, (20%) 20 sccm, 0.20 Pa
Sputtering power: Li; PO, 1 kW (RF), Cu 43 W (DC), HfO,
600 W (RF)

Film thickness: 300 nm

Example 19

A solid electrolyte cell was produced in the same manner as
in Reference Example 3 except that the positive electrode
active material film 40 was formed under the following film-
forming conditions.

(Positive Electrode Active Material Film)

The positive electrode active material film was formed by
the following sputtering apparatus under the following film-
forming conditions.

Sputtering apparatus (SMO-01 special model by ULVAC,
Inc.)

Target composition: co-sputtering of Li;PO,, Cuand W
Target size: ®4 inches

Sputtering gas: Ar (80%) +O, (20%) 20 sccm, 0.20 Pa
Sputtering power: Li;,PO, 1 kW (RF),Cu43 W (DC), W70 W
(RF)

Film thickness: 300 nm

Example 20

A solid electrolyte cell was produced in the same manner as
in Reference Example 3 except that the positive electrode
active material film 40 was formed under the following film-
forming conditions.

(Positive Electrode Active Material Film)

The positive electrode active material film was formed by
the following sputtering apparatus under the following film-
forming conditions.
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Sputtering apparatus (SMO-01 special model by ULVAC,
Inc.)
Target composition: co-sputtering of Li;PO,, Cu and Ga,O,
Target size: ®4 inches
Sputtering gas: Ar (80%) +O, (20%) 20 sccm, 0.20 Pa
Sputtering power: Li;PO, 1 kW (RF), Cu43 W (DC), Ga,0;
400 W (RF)
Film thickness: 300 nm

Example 21

A solid electrolyte cell was produced in the same manner as
in Reference Example 3 except that the positive electrode
active material film 40 was formed under the following film-
forming conditions.

(Positive Electrode Active Material Film)

The positive electrode active material film was formed by
the following sputtering apparatus under the following film-
forming conditions.

Sputtering apparatus (SMO-01 special model by ULVAC,
Inc.)

Target composition: co-sputtering of Li;PO,, Cu and In,O;,
Target size: ®4 inches

Sputtering gas: Ar (80%) +O, (20%) 20 sccm, 0.20 Pa
Sputtering power: Li,PO, 1 kW (RF), Cu 43 W (DC), In,O,
200 W (RF)

Film thickness: 300 nm

Example 22

A solid electrolyte cell was produced in the same manner as
in Reference Example 3 except that the positive electrode
active material film 40 was formed under the following film-
forming conditions.

(Positive Electrode Active Material Film)

The positive electrode active material film was formed by
the following sputtering apparatus under the following film-
forming conditions.

Sputtering apparatus (SMO-01 special model by ULVAC,
Inc.)

Target composition: co-sputtering of Li,PO,, Cu and SnO
Target size: ®4 inches

Sputtering gas: Ar (80%) +O, (20%) 20 sccm, 0.20 Pa
Sputtering power: Li,PO, 1 kW (RF), Cu 43 W (DC), SnO
100 W (RF)

Film thickness: 300 nm

Example 23

A solid electrolyte cell was produced in the same manner as
in Reference Example 3 except that the positive electrode
active material film 40 was formed under the following film-
forming conditions.

(Positive Electrode Active Material Film)

The positive electrode active material film was formed by
the following sputtering apparatus under the following film-
forming conditions.

Sputtering apparatus (SMO-01 special model by ULVAC,
Inc.)

Target composition: co-sputtering of Li;PO,, Cu and Sb
Target size: ®4 inches

Sputtering gas: Ar (80%) +O, (20%) 20 sccm, 0.20 Pa
Sputtering power: Li;PO, 1 kW (RF), Cu 43 W (DC), Sb 50
W (RF)

Film thickness: 300 nm
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(Charge-Discharge Test)

Each of the solid electrolyte cells of Examples 16 to 23 was
subjected to a charge-discharge test. Charging was performed
at a charge current of 32 pA, and discharging was performed
at a discharge current of 32 pA. Each charge cutoff voltage
and discharge cutoff voltage was set to a predetermined volt-
age for each of the Examples and Reference Example as
appropriate. Repeating the above charging and discharging,
the discharging capacity (ratio of the discharging capacity to
the initial capacity) was plotted against the number of charge-
discharge. The measurement results are shown in FIGS. 30
and 31. As areference, the measurement results for Reference
example 3 are also shown.

As shown in FIGS. 30 and 31, according to Examples 16 to
23, in the solid electrolyte cells which include the positive
electrode active material film made up with a lithium phos-
phate compound containing, as the additive element M3, each
of Cr, V, Hf, W, Ga, In, Sn and Sb, an improvement eftect by
the additive element M3 was small. In particular, in cases of
Cr, V, Ga, Sn and Sb, the improvement effect could not be
seen. On the other hand, the driving of the cell was maintained
in any of these Examples; especially in the solid electrolyte
cells which include the positive electrode active material film
made up with a lithium phosphate compound containing W,
Cr or In, the initial capacity was high, which may be able to
provide an improvement effect by adjusting the composition.
(Capacity of Positive Electrode Active Material in Examples
7,14, 17 and 19)

In addition, for ease of comparing the capacities of the
positive electrode active materials, an initial capacity of the
positive electrode active material, which is calculated on the
basis of the discharging capacity upon the first charging and
discharging and the film density of the positive electrode
active material film, is shown in Table 2 for Examples 7, 14,
17 and 19. Examples 7, 14, 17 and 19 are those of Examples
7 to 19 which showed relatively high capacity. In Table 2,
LiCuMPO is an abbreviation for the lithium phosphate com-
pound containing Li, P, Cu, an element M (Ni, Pd, Cr or W)
and O.

TABLE 2

Initial capacity of the positive

LiCuMPO electrode active material (mAh/g)
Ex. 7 LiCuNiPO 80
Ex. 14 LiCuPdPO 120
Ex. 17 LiCuCrPO 190
Ex. 19 LiCuWPO 135

3. Other Embodiments

The present technology is not limited to the above-de-
scribed embodiments thereof, and various modifications and
applications are possible within the scope without departing
from the gist of the present technology. For example, the film
configuration of the solid electrolyte cell is not limited to the
above-described. For example, configurations obtained by
omitting the inorganic insulating film from the first and sec-
ond embodiments may be adopted. A configuration obtained
by omitting the negative electrode potential formation layer
film from the first embodiment may be adopted.

Further, a configuration in which a plurality of stacked
bodies are formed being stacked sequentially, electrically
connected in series with one another and are covered by the
overall protective film 80, may be adopted. Besides, a con-
figuration in which a plurality of stacked bodies are formed
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being juxtaposed on a substrate, electrically connected in
parallel or in series with one another, and are covered by the
overall protective film 80, may be adopted.

In addition, for example, the structure of the solid electro-
Iyte cell is not limited to the above-described cases. For
example, the present technology is also applicable to a solid
electrolyte cell having a structure in which a conductive mate-
rial is used for the substrate 10 and the positive electrode
current collector film 30 is omitted, and the like. Further, for
example, the positive electrode side current collector film 30
may be made up with a metallic plate made of a positive
electrode current collector material. The negative electrode
side current collector film 70 may be made up with a metallic
plate made of a negative electrode current collector material
as well.

The amorphous positive electrode active material ingredi-
ent according to the present technology costs lower for mate-
rial, and is not necessary to be annealed. Thus, manufacturing
costs are inexpensive, a degree of freedom of manufacturing
can be greater, and this is also applicable for uses such as
surface coating of fine particles in addition to thin-film cells.

In addition, the present technology can employ the follow-
ing configurations.

1

A solid electrolyte cell, including:

a positive electrode active material; and

a solid electrolyte;

which positive electrode active material includes an amor-
phous-state lithium phosphate compound containing Li; P; an
element M1 selected from Ni, Co, Mn, Au, Ag and Pd; and O.
@

The solid electrolyte cell according to (1), in which

the lithium phosphate compound is one which further con-
tains at least one element M2 selected from Ni, Co, Mn, Au,
Ag, Pd and Cu (provided M12=M2).

G3)

The solid electrolyte cell according to (2), in which

the lithium phosphate compound is one which further con-
tains at least one additive element M3 selected from B, Mg,
Al Si, T1,V, Cr,Fe, Zn, Ga, Ge, Nb, Mo, In, Sn, Sb, Te, W, Os,
Bi, Gd, Tb, Dy, Hf, Ta and Zr.

4)

The solid electrolyte cell according to (1), in which

the lithium phosphate compound is one represented by
Formula (1),

which Formula (1) is Li,Ni, PO,

(where x represents the composition ratio of lithium; y

represents the composition ratio of nickel; x is 0<x<8.0;
y is 2.0=y=10; z represents the composition ratio of
oxygen; and z is the ratio in which oxygen is stably
contained depending on the composition ratio of Ni and
P).

®)

The solid electrolyte cell according to (1), including:

a positive electrode active material layer containing the
positive electrode active material; and

a solid electrolyte layer containing the solid electrolyte.
(©6)

The solid electrolyte cell according to (5), including:

apositive electrode side layer having the positive electrode
active material layer; and

a negative electrode side layer;

the solid electrolyte layer being located between the posi-

tive electrode side layer and the negative electrode side
layer.
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O

The solid electrolyte cell according to (6), in which

the negative electrode side layer is made up with a negative
electrode current collector layer and a negative electrode side
potential formation layer, and

at the time of charging, a lithium excess layer is formed at
an interface on the negative electrode side of the solid elec-
trolyte layer.
®

The solid electrolyte cell according to (6) or (7), in which

the positive electrode side layer is made up with the posi-
tive electrode active material layer and a positive electrode
current collector layer.
®

The solid electrolyte cell according to (6) or (8), in which

the negative electrode side layer is made up with a negative
electrode current collector layer, and

at the time of charging, a lithium excess layer is formed at
an interface on the negative electrode side of the solid elec-
trolyte layer.

(10)

The solid electrolyte cell according to any one of (6) to (9),
further including a substrate;

on which substrate, a stacked body including the positive
electrode side layer, the negative electrode side layer and the
solid electrolyte layer is formed.
an

The solid electrolyte cell according to (10), in which

the substrate is a resin substrate.

(12)

The solid electrolyte cell according to any one of (5) to
(11), in which

at least the positive electrode active material layer is
formed by a thin film.

(13)

The solid electrolyte cell according to any one of (6) to
(12), in which

the positive electrode side layer, the negative electrode side
layer and the solid electrolyte layer are formed by thin films.
(14

A positive electrode active material, including:

a lithium phosphate compound containing Li; P; an ele-
ment M1 selected from Ni, Co, Mn, Au, Ag, and Pd; and O;

the lithium phosphate compound being in an amorphous

state.
(15)

A solid electrolyte cell, including:

a positive electrode active material; and

a solid electrolyte;

which positive electrode active material includes an amor-

phous-state lithium phosphate compound containing Li;

P; an element M1’ selected from Ni, Co, Mn, Au, Ag, Pd

and Cu; at least one additive element M3 selected from

B, Mg, Al, Si, T4, V, Cr, Fe, Zn, Ga, Ge, Nb, Mo, In, Sn,

Sb, Te, W, Os, Bi, Gd, Tb, Dy, Hf, Ta and Zr; and O.
(16)

A positive electrode active material, including:

a lithium phosphate compound containing Li; P; an ele-
ment M1' selected from Ni, Co, Mn, Au, Ag, Pd and Cu; at
least one additive element M3 selected from B, Mg, Al Si, Ti,
V, Cr, Fe, Zn, Ga, Ge, Nb, Mo, In, Sn, Sb, Te, W, Os, Bi, Gd,
Tb, Dy, Hf, Ta and Zr; and O;

the lithium phosphate compound being in an amorphous

state.

15

20

25

30

35

40

45

50

o

5

42
a7)

A solid electrolyte cell, including:

a positive electrode active material; and

a solid electrolyte;

which positive electrode active material includes an amor-
phous-state lithium phosphate compound,

the lithium phosphate compound being one represented by
Formula (2),

which Formula (2) is L1,Cu PO,

(where x represents the composition ratio of lithium; y
represents the composition ratio of copper; and x is
5.0<x<7.0).

(18)

A positive electrode active material, including:

a lithium phosphate compound represented by Formula
@),

which lithium phosphate compound is in an amorphous
state;

where Formula (2) is Li,Cu, PO,

(where x represents the composition ratio of lithium; y
represents the composition ratio of copper; and x is
5.0<x<7.0).

It should be understood that various changes and modifi-
cations to the presently preferred embodiments described
herein will be apparent to those skilled in the art. Such
changes and modifications can be made without departing
from the spirit and scope of the present subject matter and
without diminishing its intended advantages. It is therefore
intended that such changes and modifications be covered by
the appended claims.

DESCRIPTION OF REFERENCE NUMERALS

10 substrate
20 inorganic insulating film
30 positive electrode side current collector film
40 positive electrode active material film
50 solid electrolyte film
60 negative electrode active material film
64 negative electrode potential formation layer
70 negative electrode side current collector film
80 overall protective film
The invention claimed is:
1. A solid electrolyte cell, comprising:
a positive electrode active material; and
a solid electrolyte;
wherein the positive electrode active material includes:
an amorphous-state lithium phosphate compound con-
taining Li; P; an element M1 selected from Ni, Au, Ag
and Pd; and O,
at least one element M2 selected from Ni, Co, Mn, Au,
Ag, Pd and Cu (provided M12=M2), and
at least one element M3 selected from B, Mg, Al, Ga, Ge,
In, Sn, Sb and Bi.
2. The solid electrolyte cell according to claim 1,
wherein the lithium phosphate compound is represented by
Li,Ni,PO,, and
wherein x represents the composition ratio of lithium; y
represents the composition ratio of nickel; x is 0<x<8.0;
and y is 2.0=y=<10.
3. The solid electrolyte cell according to claim 1, compris-
ing:
a positive electrode active material layer containing the
positive electrode active material; and
a solid electrolyte layer containing the solid electrolyte.
4. The solid electrolyte cell according to claim 3, compris-
ing:
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apositive electrode side layer having the positive electrode
active material layer; and

a negative electrode side layer;

the solid electrolyte layer being located between the posi-
tive electrode side layer and the negative electrode side
layer.

5. The solid electrolyte cell according to claim 4, wherein

the negative electrode side layer is made up with a negative
electrode current collector layer and a negative electrode
side potential formation layer, and

at the time of charging, a lithium excess layer is formed at
an interface on the negative electrode side of the solid
electrolyte layer.

6. The solid electrolyte cell according to claim 4, wherein

the positive electrode side layer is made up with the posi-
tive electrode active material layer and a positive elec-
trode current collector layer.

7. The solid electrolyte cell according to claim 4, wherein

the negative electrode side layer is made up with a negative
electrode current collector layer, and

at the time of charging, a lithium excess layer is formed at
an interface on the negative electrode side layer of the
solid electrolyte layer.
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8. The solid electrolyte cell according to claim 4, further
comprising a substrate,

wherein a stacked body including the positive electrode
side layer, the negative electrode side layer and the solid
electrolyte layer are formed on the substrate.

9. The solid electrolyte cell according to claim 8, wherein

the substrate is a resin substrate.

10. The solid electrolyte cell according to claim 4, wherein

the positive electrode side layer, the negative electrode side
layer and the solid electrolyte layer are formed by thin
films.

11. The solid electrolyte cell according to claim 3, wherein

at least the positive electrode active material layer is
formed by a thin film.

12. A positive electrode active material, comprising:

a lithium phosphate compound containing Li; P; an ele-
ment M1 selected from Au, Ag, and Pd; and O;

at least one element M2 selected from Ni, Co, Mn, Au, Ag,
Pd and Cu (provided M1:M2); and

at least one element M3 selected from B, Mg, Al, Ga, Ge,
In, Sn, Sb and Bi,

wherein the lithium phosphate compound is in an amor-
phous state.



